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PREFACE 


Electric traction on railways has made considerable progress since the 
first edition of this book was prepared, and, in consequence, a large 
portion of the book has had to be re-written. Considerable progress has 
also been made in electric traction on railless routes, and therefore due 
prominence is given to the trolley omnibus and its equipment. • 

The general plan and arrangement of the first edition has been retained, 
but additional worked examples have been included. 

In the task of revision the author has had the generous co-operation 
of Sf large number of engineers and manufacturers, to whom he is under 
considerable obligation. Among the former are: Lt.-Col. F. A. Gortez- 
Leigh (L.M.S. Railway), Mr. G. Hally {Metropolitan Railway), Mr. Herbert 
Jones (Southern Railway), Mr. W. Howell (London Underground 
Railways). To all these gentlemen the author tenders Ris heartiest thanks. 

The author’s thanks are also due to H.M. Ministry of Transport, 
Messrs. Merz and McLellan, and Mr. F. Lydall. 

The manufacturers to whom the author is indebted for the supply 
of data, drawings, photographs, an^ blocks, and whom he desires to 
thank specially are: A.S.E.A. Electric Co. (and the parent company, viz. 
Allmanna Svenska Elektriska A.B., Vesteras); Messrs. British Brown 
Boveri; Brown, Boveri & Co. (Baden); British Insulated Cables; The 
British Thomson-Houston Co. ; The English Electric Co. ; The General 
Electric Co. (London) ; The General Electric Co. (Schenectady) ; Evershed 
& Vignoles; Richard Garrett & Sons (Leiston); Hadfields Ltd.; The 
Metropolitan-Vickers Electrical Co. ; Oerlikon Ltd., London (and Mr. G. 
Wiitrich, M.I.E.E., their chief engineer); Maschinenfabrik Oerlikon; 
Ransomes, Sims & Jefferies ; Siemens-Schuckert (Great Britain) ; Siemens- 
Schuckertwerke (Berlin) ; The Westinghouse Electric and Mfg. Co. (East 
Pittsburg) ; The Rheostatic Co. 

Acknowledgments are due to the technical press from which data and 
particulars of electrifications have been obtained. The c^ef publications 
concerned are : Electriciariy Electrical Beview, Engineering, Engineer, Eke- 
^tric Bailway Journal, Electric Journal, General Electric Beview, B^livay 
Gazette, Baihmy Engineer, Tramway and Bailway World, Journal of the 
Institutkm of Electrical Engineers, Transactions of the American Institute 
of Electrisgl Engineers, Proceedings of the Institution of Civil Engineers, 
Specifications of the British Engineering Standards Association, 

To tfie Senate of the University of London, the Examinations Board 
of the City arfd Guilds of London Institute, and the Council of the 
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Institution of Electrical Engineers, the thanks of the author are due 
for permission to i^se questions from their examination papers, and, in 
the case of the Institution of Electrical Engineers, the loan of blocks 
from the Jtmmal of the I.E.E. 

The author wishes to express his appreciation of the assistance given 
him by his colleagues S. Marsh, D.Sc., Ph.D., and H, C. Mann, 
Sc. (Eng.) Lond., M.I.E.E. rp 



PREFACE 

TO THE FIRST EDITION 

This book is intended for engineers and advanced students: it treats 
fit the principles relating to the application of electric power to tramways 
and railways. Representative examples of modern tramway and railway 
practice are included, but detailed accoimts of electrifications have behn 
omitted, as the latter are treated fully in the technical press. 

Generating stations and transmission lines have not been considered, 
as these could not have been adequately dealt with in the present volume. 
Moreover, the generation of electrical energy is now a specialized subject 
and involves considerations which have little bearing on the utilization of 
the energy for traction purposes. 

The subject-matter has beer^ arranged as follows; Mechanics of 
train movement; motors; control^ auxiliary apparatus; rolling stock; 
detailed study of train movement; track and overhead construction ; 
distributing systems and substations. A number of worked examples 
have been included in the text, and a collection of 67 examples, taken 
principally from public examination jpapers and covering the whole scope 
of the subject, is given at the end of the volume. 

The diagrams in the chapters on control ” have been made as clear 
as possible; the tracing of control circuits, however, requires practice, 
and this is best acquired by the study of simplified diagrams such as are 
given at appropriate places in the text. 

The author is under considerable obligation to many engineers and 
manufacturers who have generously supplied him with data, drawings, 
photographs, etc. Among the former are: Mr. (now Sir) John A. F. 
Aspinall, General Manager, Lancashire and Yorkshire Railway ; Mr. W. A. 
Agnew, Chief Mechanical Engineer, London Underground Railways; 
Mr. (now Sir) Philip Dawson, Consulting Engineer to the Tx)ndon, Brighton 
and South Coast Railway ; Mr. A. L. C. Fell, Chief Officer, London County 
Council Traffiways ; Mr. Herbert Jones, Chief Electrical Engineer, LoAdon 
and South-Western Railway ; Mr. William S. Murray, Consulting Engineer 
to the New York, New Haven and Hartford Railroad ; Mr. C. W. lii^llins. 
General Manager, livei'pool Corporation Tramways; Mr. A. P. Trotter, 
Electrisal Adviser to the Board of Trade. To all these gentlemen the 
author tqpds his heartiest thanks. 

The firms to whom the author is indebted are numerous. Acknow- 
ledgmeifts are made throughout the text, and the author desires especially 
to thank : Messrs. Hadfields, Ltd. ; The British Thomson-Houston Co. ; 
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The British Westinghouse Co.;* Messrs. Dick, Kerr & Co. ;t Siemens 
Bros. Dynamo Works ;t Messrs. Brown, Boveri &; Co. (and Mr. A. C. 
Eborall); The Brush Electrical Engineering Co; Thfc J. G. Brill Co.; 
The British Insulated Cables, Ltd. ; Messrs. Brecknell, Munro & Rogers ; 
Messrs. Doulton & Co. ; Messrs. Elliott Bros. ; The Leeds Forge Co. ; The 
Maschinenfabrik Oerlikon, Oerlikon, Zurich (and Mr. G. Wtithrich); 
The ScKuetAi Italiana Westinghouse, Vado Ligure; The Westinghous^ 
Department of Publicity, East Pittsburg, Pa. ; The Publication Bureau 
of the General Electric Co., Schenectady, N Y. 

In many cases data and particulars of electrifications have been drawn 
from the technical press, acknowledgments of which have generally been 
made in the text. The chief sources of such information have been: 
The Traymoay and Railway World, The Electrician, The Electrical Review, 
The Engineer, Engineering, The Electric Railway Journal, The Electric 
Journal, The General Electric Review, IjEclairage Electrique, ths publica- 
tions of the Engineering Standards Committee, and the Proceedings (and 
Transactions) of the following Institutions : The Institution of Electrical 
Engineers, The American Institute of Electrical Engineers, The Institution 
of Civil Engineers, The Institution of Mechanical Engineers. To these 
the author desires to express bis indebtedness. 

To Mr. A. M. Willcox (Editor qf the Tramway and Railuxiy World) 
the author is especially indebted for the use of a number of large half-tone 
blocks illustrating overhead construction, locomotives, and substations. 

To the Senate of the University of London, the Examinations’ Board 
of the City and Guilds of London Institute, and the Council of the Institu- 
tion of Electrical Engineers, the thanks of the author are due for per- 
mission to use questions from their examination papers. 

The author wishes to take this opportunity of expressing his appre- 
ciation of the valuable assistance — ^in the form of suggestions, criticisms, 
MS. and proof reading — given him, during the preparation of the work, 
by his colleagues Dr. A. W. Ashton, M.I.E.E. ; Messrs. J. Beaumont 
Shav/, A.R.C.S. ; and William Thomson, M.A. 

A. T. D. 

^London, 1917. 

* Now tlie Metropolitiui'Vickers Electrical Co. 
t Now the English Electric Co. 
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CHIEF SYMBOLS 

a = Cross-sectional area. 
a = Number of circuits in armature winding. 

B — Flux density = maximum flux density). 

^ D = Distance (in miles) between stops. 

■— Distance between conductors of circuit. 

D* = Distance (in miles) from start to cut-off. 

Dg, Dy, = Diameter of armature, commutator, or driving wJieel 
K = E.M.F. generated in armature or stator winding. 

— Phase E.M.F. of rectifier. 

E^ — Output voltage of rectifier. 

= Commutator voltage of rotary converter. 

E^^ = Average voltage between commutator segments. 

Ej^ — Static (induced) E.M.F. 

= Slip-ring voltage of rotary convertor. r 

E^ = Transformer E.M.F. iiuluced in .armature coils short-circuited by brushes. 
p =- Force or tractive effort. 

/ = Frequency (cycles per second). 

G ~ Gradient in per cent. 
h — Numbt^r of hours per annum. 

I — Current (/j, /j, upper and lower limits, respectively). 

/j - Current output from cathode of recAififu*. 

J — Energy in watt seconds or joules. 

Kt k =i Constants. 

k — Radius of gyration. 

“ Air- resistance coefficient for shape of end of train 
L, i = Length. 

L = Inductance. 

m = Number of armature coils short-circuited by a brush. 

= Number of slip rings in rotary converter. 

N = Number of turns per circuit in armature or stator winding. 
n = Revolutions. 

= Number of anodes in rectifier. 
rig = Synchronous speed in revolutions per minute. 
rig = Cascade synchronous speed. ^ 

P = Power. 

^ • = Pull on poles in span-wire construction. 

p = Number of poles. 

= Price (in pence) of I kilowatt hour. 

Q = Specific electric loading (ampere turns per inch of periphery of armature). 
R = Resistance in ohms. 

— Total train resistance in lb. 
f = Specific train resistance in lb. per ton. 

xfx 
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CHIEF SYMBOLS 


R,r = Radius. 

iSr as Long^Hhidinal exposed surface of coach. * 
a s= “ Slip ” of rotor of induction motor. 

= Half length of span of span-wire. 

T, t — Time in seconds. 

T = Tension in trolley wire (or catenary wire) at lowest point. 

U = Hypothetical speed of train. 

V — Speed of train or car in ml. p.h. {V^~ maximum speed, average speed). 
= Terminal voltage. 

— Peripheral speed of commutator. 

W — Dead weight of train in tons. 

— Weight per span of trolley wire (or span wire). 

= Etfectivo (or accelerating) weight of train in tons. 
w = Weight per foot of trolley wire (or span wire). 

X = Reactance. 

y = Deflection at dropper in catenary suspension. 
z = Distance between trolley-wire and catenary wire at mid-span. 

Z = Impedance. 
a = Accoleratior. in ml.p.h.p.s. 

P — Braking retardation in ml.p.h.p.s. 

— Coasting retardation in ml.p.h.p.s. 

Pf ~ Retardation when braking rogonoratively. 

A = “ Delta ** connection of three-phase circuits. 
d ~ Sag of trolley wire (or catenary wire). 

7} = Efficiency. 

O == Flux per pole in megalines (O^ = maximum flux). 
q) = Phase angle between current and E.M.P\ 
y ~ Gear ratio. 

= Grading coefficient in rheostat calculations (~ / 2 //i). 

A = Ratio exposed transverse surface of coach/cross section of coach body. 

= Spacing of droppers in catenary suspension. 

= Grading coefficient in rheostat calculations ( — (Ox//i)/(0,//2)). 

Tj. = Pitch of commutator segments, 
jii = Permeability. 

0 = Temperature. 

CO = 277 X frequency. 

S' = Torque. 


NOTES 


I^OOABITHMS, where used, are to the base 10. 


Vector Diagrams. — All diagrams have been drawn for ctmtUer-dockwiae rotation. 


E.M.F. vectors are represented by an ordinary arrow-head. 
Flux vectors are represented by a double arrow-head. 
Amfisre-ttim vectors are represented by a solid arrow-head. 
Cwrpnt vectors are represented by a closed arrow-head. 
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WbIghts. — ^The British ton (2240 lb.) is used throughout this treatise. ^ All weights 
rela^g to Continental and American machines and apparatus have b^ reduced 
tothlstinitb “ 



ELECTRIC TRACTION 


CHAPTER I 

INTRODUCTION , 

The considerations involved in the application of electric power to the 
working of tramways and railways may be divided into two classes — 

(1) technical, (2) financial. In the present volume we shall coniSne our 
attention to the former. 

The technical considerations involve the supply of electric power 
from a generating station to a number of cars or trains which have to 

operate, over a given track, to a given schedule. 

# 

Systems of operation. With tranrways the operating system and the 
voltage are proscribed by the Rcgulfittions of the Ministry of Transport 
(Appendix I), but with railways a choice of systems and voltages (subject 
to the approval of the Ministry) is possible. Thus tramcars must be 
supplied with direct current at a voltage not exceeding 600 volts. On 
the other hand, railway trains may bg supplied with either direct or 
alternating current, at low or high voltage. 

Methods of supplying power to cars operating on tramways. Two 

methods arc in use at the present day, viz. (1) the overhead system, 

(2) the conduit system. 

(1) Tlie overhead system. An overhead conductor, fed from the 
generating station at suitable points, is suspended above the track, 
and current is convoyed from this conductor to the car equipment by 
means of a suitable current collector — ^in the form of a trolley wheel or 
a sliding bow — carried on the car. The track rails are utilized as the 
return conductor and are connected to the generating station at suitable 
points. 

In some very special cases, however, the return conductor is placed 
overhead,* and two current collectors arc required. 

(2) The conduit system. Two conductors of opposite polarity, fed 
from the generating station at suitable points, are supported in a slotted 
conduit — ^located either in the centre or at the side of tibe track — ^and 
the current is convoyed from these conductors to the car equipment 
by means of a current collector, which is carried on the car and pSsses 
ttirough the slot in the conduit. Generally, both conductors are sup- 
ported from insulators, and the track rails do not form part of the 
conducting system. The conductors in the conduit consist of 
arranged thds, H |- . 

• 

* The \>nly example, in this country, of an insulated return for overhead 
tramways occurs on a section of the London County Council tramways in the 
neighbourhood of fiieenwich Observatory. • 

I— (5043) ' ^ 
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Comparison of tramway systems. Owing to the cost per mile of 
trackwork of the conduit system being approximately double that of 
the overhead system,* the former system can only be adopted in those 
large cities in which the overhead system is updesirable. The only 
example in this country is the conduit lines of the London County Council 
tramways, which comprise 122 miles of route (of which 117-5 miles are 
double track) in and around Central London, f 

The overhead system — with a single trolley wire and rail return— has 
been adopted on an extensive scale in this country and abroad, and in 
^ Great Britain there are approximately 2500 miles of tramways operating 
on this system. 

The overhead system — with two trolley wires and without track 
rails — has been adapted to the supply of power to electric omnibuses 
(called “ trolley buses ”). This system of railless, or trackless trolley, 
traction possesses advantages over a tramway system in that the large 
expense of the installation and maintenance of the track is avoided. J 
Consequently the system can be utilized as an extension of an existing 
tramway system to outlying villages which require only an infrequent 
service of cars. The railless system is also suitable for towns having 
narrow streets, 8^nd in these cases ,it has obvious advantages over tram- 
ways, since railless cars can thread through the traffic. On the other 
hand, railless cars are necessarily smaller and lighter than the majority 
of tramcars, while the amount of power required by a railless car is 
greater than that which would bo required by a tramcar of equal weight, 
on account of the increased resistance to motion. 

The overhead equipment for railless cars must, obviously, comprise 
two conductors of opposite polarity, and the current collector must 
allow the cars to be piloted through thc‘, traffic. 

Comparing such a trackless-trolley system with the alternative system 
of self-propelled electric omnibus(-s equipped with batteries, the former 
possesses the advantages of considerably lower maintenance and running 
costs. Moreover, the trackless-trolley bus can bo built larger, and can 
operate at higher speeds than the battery bus, owing to the powder equip- 
ment of the latter being limited by the size of the battery. These con- 
siderations, and others, indicate that the electric battery bus cannot 
compete successfully with the trackless-trolley bus. 

When comparing the trackless-trolley system with the other alter- 
native system of petrol-driven motor-buses, the former possesses the 
advantages of (1) lower running costs, (2) considerably lower maintenance 
and inspection costs, (3) longer life of vehicles and equipment, (4) simpler 
smarting and speed control. Against these advantages^, there are the 

^Comparative avorago costH of conduit and overhead systems are — 

Per Mile of 

* Single Track: 

Conduit system (including special work, pipe diversions, etc.) . £17,000 

. Overhead system (including special work, pipe diversions, etc. ) . . 9,300 

It must be noted, however, that, in every system, the cost of construction varies 
greatly, according to the nature of the obstructions and the extent of special work. 

t The overhead system is adopted in the Greater London area. o 

} Tha cost of laying double track for tramways is, approximately, £12,000 per 
mile of route ; and the cost of the overhead equipment, including tlie feeders and 
ducts, is, approximately, £3700 per mile of route. 
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serious disadvantages that the trolley-bus is tied to a definite route, 
and that considerable investment is necessary for the overhead con- 
struction which must be erected before any service can be given. More- 
oter, with motor-buses, should any route prove unremunerative, the 
buses on that route may be withdrawn and transferred immediately to 
another route without incurring any sacrifice of capital or capital charges. 
But with trolley-buses the abandonment of any route involves the 
sacrifice of the capital invested in the overhead equipment, and, further, 
the transference of the vehicles to an alternative route is only possible 
when this route is equipped with overhead trolley wires. ^ 

Methods of supplying power to railway trains. These comprise (1) the 
overhead system, (2) the conductor rail system. 

The overhead system must, obviously, be adopted when the trains 
are supplied at high voltage. Under these conditions heavy trains may 
be supplied through conductors of relatively small cross-section, and 
the collection of the current required by a heavy train can be performed 
satisfactori^ by a collector of the sliding bow type. Overhead con- 
struction is universal for all alternating-current railways, and it is also 
adopted for direct-current rail wayrf ^operating at voltages above 1500 
volts. In all those cases the track rails are utilized as the return con- 
ductor, so that with direct-current and single-phase systems only one 
overhead wire is required for each track. 

The conductor rail system is adopted for heavy electric traction 
systems operating at voltages up to about 1200 volts, since, in these 
cases, large currents may bo required by the trains. The power is 
supplied to the trains through high conductivity steel rails, which are 
supported on insulators parallel with the track rails and fed at suitable 
points from the generating station or from sub-stations. The current 
is conveved from the conductor rails to the train equipment by means 
of collector shoes. In some cases the track rails are used as the return 
conductor, so that only one conductor rail is required. 

Technical aspects of railway electrification. In this country electri- 
fication has been confined to the urban and suburban lines in the vicinity 
of our large cities (e.g. London, Liverpool, Newcastle, Manchester). In 
the United States of America and on the Continent electrification has 
been carried to trunk lines and also to freight lines operating in moun- 
tainous districts. 

The chief difficulties in the way of electrification of our trunk lines 
are : first, thebexistence of the modern steam locomotive ; and, second, 
the large eost of converting the lines from steam to ele^ric operation. 
The modern steam locomotive in service on our trunk lines is capal^e of 
fulfilling all the requirements of the traffic department for fast passenger 
traffic. An electric locomotive capable of performing similar services 
could be built, but this locomotive would have to show marked economies 
in power consumption and operating expenses in order to warrant the 
large cost of the change-over. The case is entirely different with sub- 
urban railways. On these railways large numbers of passengers have 
to be transported daily over relatively short distances in competition, in 
man}’' cases, witji other methods of transportation. For the railway to 
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retain its traffic and create additional traffic, the passengers must be 
transported over a given distance in a much shorter time than that 
required by its competitors. 

Now, the frequent starting and stopping of steam trains at stations 
spaced a short ffistance apart does not le^ to economical operation,* 
and, moreover, it is impossible to obtain high schedule speeds unless 
exceptionally heavy locomotives are adopted. On the other hand, an 
electric train is capable of handling such a ^.rvice economically at a 
schedule speed which will attract traffic. This schedule speed may be 
from 50 to 100 per cent higher than that corresponding to steam opera- 
tion, the increase being due to the higher acceleration of the electric 
train. Since the electric train is capable of running the service at a 
higher schedule speed, it follows that the train miles which can be run 
with a given equipment in a given time are greater with electric service 
than with steam service. A given number of electric trains is therefore 
capable of dealing with a greater volume of traffic than the same number 
of steam trains with equal seating accommodation. The electric train 
has the additional advantage that it may be divided and run in sections 
during the periods of light traffic, thereby enabling a frequent service 
of trains to be maintained, leading to increased traffic during these 
periods. 

Electric traction also forms a solution to the problem of relieving 
congestion at terminal stations. Thus the number of trains whieh can 
be got into and out of a terminus in a given time depends on the number 
of signal and train movements required. With electric trains consisting 
of motor-coaches, the number of signal and train movements required 
for a train entering and leaving a terminus is only one-fourth of the 
number required for a steam train. Now the number of trains which 
can bo run over the tracks in a given time is limited by the terminal 
facilities. It is obviously more desirable to increase these facilities by 
adopting electric traction than by the alternative of carrying out the 
widening of the tracks and the extensions and additions to the station 
platforms, since the electric train service will, in most cases, lead to " 
additional traffic, the revenue from which will go towards meeting the 
cost of electrification. 

Electric traction also possesses advantages over steam traction for 
the handling of freight traffic, particularly on railways having heavy 
gradients and long tunnels. In deciding upon the system of electrifica- 
tion to be adopted for a railway with heavy gradients, consideration 
would naturally be given to those systems in which electric regenerative 
b]faking could be used. The trains descimding the gradients would be 
braked electrically, so that, instead of the kinetic energy of the train 
beii^g dissipated in the brake shoes and wheel tyres, it would be con- 
verted into electrical energy and returnecl to the supply system. Thus, 
in addition to the saving in the power consumption, the maintenance of 
the brake shoes, wheel t3nres, and track rails would be reduced. The 
reduction in the latter items alone may be sufficient to cover a fair 
percentage of the costs of electrification. 

* 1^ this connection see Sir John Aspinall’s Presidential Addnsips to the 
Institution of Mechanical Engineers, Proceedings of the Inatitution of Mechanical 
Sngineera (1009), pp. 423-488. « 



INTRODUCTION 


5 


Systems ot railway electrification. These coinpriso (1) the direct- 
current system, (2) the single-phase alternating-current system, (3) the 
three-phase alternating-current system, and (4) the composite single- 
))hase three-phase, ^d single-phase direct-current systems. 

In the direct-current system the energy required by the trains must 
be obtained from substations (except in the case of a very short railway 
where a direct supply from a direct-current generating station may be 
possible) which receive energy from a three-phase high-tension trans- 
mission system ; as, with an extensive electrification, it is not com- 
mercially practicable to supply the railway directly from one or moife 
direct-current generating stations. The substations must, therefore, 
contain converting plant, which will consist of transformers in conjunction 
with rotary converters, inotor-goiicrators, or mercury-arc rectifiers. For 
heavy and dense traffic on suburban railways the substations will have 
to be spaced about 2 to 3 miles apart, but for main-lines operating at 
high voltage (3000 volts) the distance apart of the substations will 
be between 10 and 20 miles. Considerable progress has been made in 
recent ye%rs in the development of automatic and unattended sub- 
stations equipped with converting plant (rotary converters or mercury 
rectifiers), and where the conditionijare favourable tojthe employment of 
these substations a considerable saving in the operating costs is possible. 

The train equipments must be built for operation at the line voltage, 
but with voltages above 1500 volts two or more motors may be operated 
permanently in series, so that the terminal voltage per motor is limited 
to one half, or a smaller fraction, of the line voltage. The insulation of 
the motors, however, must be designed to withstaiul the full line voltage. 
The series type of motor is always employed. 

In the single-phase system the energy required by the trains may be 
obtained directly, at high voltage, from a geruTating station when the 
extent ^f the electrification is within a radius of about 20 miles from the 
generating station. For longer distances the economic voltage for the 
power transmission system is higher than that which is desirable for the 
traction system, and therefore transformer substations become necessary. 

As single-phase traction motors are inherently low voltage machines, 
a transformer must be carried on each train to supply the motors at 
suitable voltage. The motors are usually of the series type. 

In the three-phase system the energy required by the trains may be 
obtained either directly from the generating station, or from transformer 
substations which receive energy from a high-tension transmission system. 
Since two trolley wires per track are necessary, the line voltage of ^hc 
traction syst#m has to be limited to values below the highest voltages 
employed for single-phase railways, and as the tractioi! motors (which 
are of the induction, or constant-speed, type) can be built econonoically 
Jor operation at modcrg-tely-high voltages, the line voltage is usually 
chosen so that the motors may be suppli^ directly from the trolley wires. 
The induction typo of motor is employed, as, at present, no variable- 
speed polyphase traction motor has been developed. The induction 
motor, however, possesses the merits of a high efficiency and of operating 
as a generator, when it is driven at speeds above the synchronous speed 
and is comiected to the supply system. The motor equipment of a train 
can, therefore, tbe used for regenerative braking during the descent .of • 
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gradients, and the constant-speed characteristic of the motors limits the 
speed of the train to a definite value. 

In the composite systems the energy is distributed in the form of 
single-phase current at high voltage, and is converted on the locomotives 
into cither three-phase or direct current at low voltage for utilization in 
the traction motors ; a transformer and phase-converter being necessary 
in one case, and a motor gem^rator in the other case, for the conversion. 
Those systems, therefore, combine the advantages of high-voltage single- 
trolley wii’e distribution with efficient traction motors suitable for 
regenerative braking. Their development has been due to the inferiority 
of 25-cycle, single-phase motors, compared with three-phase and direct- 
current motors for regenerative braking on a large scale, and their present 
application is limited to mountain ranges having heavy mineral traffic. 

Operating voltages. Direct-current urban and suburban electrifications 
in the vicinity of large cities have operating voltages between 600 and 
750 volts. For the longcT distance suburban scTvices, however, a higher 
voltage, betweem 1000 and 1500 volts, is desirable. For main-line electri- 
fication, voltages of 1500 and 3000 volts are employed, and higher voltages 
will become possible with the further development of the high-voltage 
morcury-arc rectifier (which is the best form of converting apparatus for 
the distribution system at voltages above 3000 volts), as at present the 
operating voltage is limited by the substation converting plant rather 
than by the train equipment. Progress in this direction is being made 
steadily, and already, in Italy, a railway is operating at 4000 volts. 

Single-phase railways have Operating voltages between 6000 and 

15.000 volts, and the frequency is cither 16| or 25 cycles. The lower 
voltage and higher frequency (11,000 volts, 25 cycles) have usually been 
chosen for American single-phase railways, and tlie higher voltage and 
lower frequency (15,000 volts, 16§ cycles) for Continental railways. 

Three-phase railways have operating voltages between 3000 aivi 10,000 
volts, the frequency being either 16| cycles or between 42 and 50 cycles. 
The extensive electrifications in Northern Italy have been carried out 
at voltages between 3000 and 37(M) volts, and a frciquemey of 16| cycles ; 
but for tlie recent extensions into Central Italy, an operating voltage of 

10.000 volts has been chosen, the frequency being between 42 and 50 
cycles, according to the frequency of the supply network from which 
the power is obtained. 

Comparison ol systems of railway electrification. The direct-current 
system is the oldest of the systems of railway ekjctrilication. Its greatest 
application has been to urban and suburban services at operating voltages 
between 500 and 800 volts, the first installations being made in about 
1890 in this couhtry and a few years earlier in America.* Its application 
to lot.ig-distance main-line service required the development of high- 
voltage direct-current machines and control apparatus. This development 
started in America, and the first installation (at an operating voltage of 
2400 volts) was made in 1913. 

The early applications of the three-phase system were to ^Swiss moun- 
tain railways, and the first application to main-lino railways (operating 

L 

* *Che piotioor devolopmcnts in the direct-current Hystem of olectrie traction 
started aiK>ut five years earlier, when electric tramways commenced operation, the 
overhead-trolley system and an operating voltage of 600 volts being employed. 
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at 3000 volts) was in 1902. Subsequent developments of the three- 
phase system have been entirely for main-line clectriiication, and the 
principal applications are in Northern Italy. 

The single-phasa ssrstem is of recent development, as the development 
of a suitable single-phase traction motor was necessary. The system 
» has received its greatest development on the Continent (although much 
pioneer work was done in America), and extensive applications of the 
system are to be found in Switzerland, Germany and Scandinavia on 
suburban as well as main-lino railways. 

The composite systems are of later development, and w^ore introduciKl 
to overcome the disadvantages of the straight single-phase system for 
heavy mineral traffic on mountain grades. They must, therefore, be 
considered as entirely special systems of electrification, applicable only 
to exceptional operating conditions. Any future installations, however, 
will probably be of the single-phase, direct-current form (with motor- 
generators and direct-current motors on the locomotives instead of 
phase-converters and three-phase motors as installed formerly), owing 
to the adwntages possessed by this system over the single-phase three- 
phase system for speed control. ^ 

As there appears to bo no t(‘iKlency towards the development or 
application of the three-jihase system to new electrifications (other than 
extensions of existing electrifications) — due to the complicated nature of 
the overhead construction and the low frequency — the systems available 
for any new electrification arc (1) the direct-current system and (2) the 
single-phase system. * 

For heavy suburban service the low-voltage direct-current system is 
undoubtedly superior to the single-phase system, as the following com- 
parison will show — 

The dynamical characteristics of the direct -current traction motor 
are better suited for the frequent and rapid acceleration of heavy trains 
than those of the single-phase traction motor. 

The direct-current train equipments are lighter, more efficient, and 
less costly (both initially and in maintenance) than corresponding 
single-phase equipments. Moreover, the energy consumption of a 
direct-current train will be lower than that of a single-phase train 
operating under similar service conditions. 

The conductor-rail distribution system will be less costly, both 
initially and in maintenance, than the high-voltage overhead dis- 
tribution system. 

The direct-current sj^stem causes no interference with neigh bouiing 
overhead dbmmunication (telephone) circuits. This interference may 
be serious with the single-phase system, and may necessitate placing 
the communication circuits either along another route or undergft)und. 
Moreover, duo to the high impedance of the track rails, when used as 
conductors for alternating current, special arrangements (involving 
transformers and insulated cables) are necessary with the single- 
phase syfitem to relieve the track rails of the return current, and so 
avoid troubles due to earth currents (such currents affecting telegraph 
and qf^her weak-current circuits using the earth as a return). 

These advantages of the direct-current system will generally more 
than compeifsate for the chief disadvantage of this system, viz. the * 
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necessity for converting substations at relatively short distances apart. 
The cost of the substations, however, must not bo placed wholly against 
the direct-current systt^m, as, in the single-phase system, switch cabins 
— spaced at approximately the same distances apart as the substations 
in the direct-current system — ^must be provided for the switchgear which 
is necessary for the scctionalization and feeding of the trolley wires. 

Lastly, if the single-phase system is supplied directly from a thermal 
generating station, both the cost of the generators and the steam coti- 
suraption will be higher (due to the abnormally low frequency) than 
*^thoso of a similar station equipped with three-phase generators of 
standard (50) frequency and supplying substations containing con- 
verting machinery. 

For main-line long distance services, however, both high-voltage 
direct -current and single-phase systems are capable of giving Scatisfactory 
results. The singl(*-j)haso system appears to possess advantages over the 
direct -current system for long-distanee electrification, on account of the 
higher line voltage and the ap[>€arcnt simplicity of the transmission and 
distribution arrangements. But with the development of the ^'nattended 
substation with mercury rc'ctiliers a^d the use of high voltages in the 
direet-curnmt syst^un, tlu'se advantages will not be so apparent, par- 
ticularly when provision has to be made (in the single-phase system) for 
the prevention of interferi'iujc with neighbouring communication circuits. 
Moreover, it will generally be mlvantagcous to the railway company 
either to arrange to supply industrial districts from its own generating 
station (for the purpose of improving the load factor on the generating 
station and thereby effecting c^conomies in the operation of the plant), 
or to purchase its energy from a large industrial power supply system. 
In both cases substations containing rotating machinery (synchronous 
motor-alt(!rnator sets) will be necessary for a single-phase traction system. 

Further points of comparison between the high-voltage direeb current 
and single-phas(^ systems for long-distance electrification are — 

The characteristics of the single-phase traction motor are moie 
suitable for tlu? conditions of main-line service than those of the present 
direct-current traction motor, and with single-phase equipment a 
greater number of efficient operating speeds are available than can be 
provided with a direct -current equipment. 

Single-phase locomotives are more expensive initially than direct- 
current locomotives ; their efficiency is lower and their maintenance 
costs are higher than those of direct-current locomotives. 

^ Regenerative braking can bo obtained more efficiently, and with 
less complication, and less additional equipment, with the 3lirect-current 
system than with the single-phase .system. 

‘^Thc cost of the overhead distribution systems may not differ 
appreciably in the two cases. ^ ^ 

In Table I are given data of a number of electric railways in this 
country and abroad. The extent of the practical application of the 
above systems of electrification can be seen from this table. ^ 

The generation of electrical energy and its distribution is business 
in itself. In many cases it is desirable for the railway company to 
purchase power, since the company is thereby relieved not only of the 
initial cost of the generating station and the capital charges thereon, 
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but also of the management of a business organization which is very 
different from its other organizations. In the United States of America 
the purchase of power for railway electrification from the large electric 
power supply companies is carried out on an extensive scale ; but in 
this country, owing to the limited number of large power supply com- 
, panies and their distance, in many cases, from the area of electrification, 
there are only two examples of the purchase of power for railway electri- 
f^ation — viz. the London and North Eastern Railway (which i)urchases 
power for its Newcastle-Tyncmouth and Newport-Shildon branches from 
the North-East Coast power supply companies) and the Southern Railway 
(which purchases power for its Eastern section from the London Power 
Co.).* 

As the subject of the generation of electrical cnerg}^ is one of con- 
siderable magnitude at the present day, and has little bearing on the 
utilization of the energy for traction purposes, we shall not consider the 
equipment of the generating station. The equipment of the substations, 
however, is considered in detail, since, when power is purchased, the sub- 
stations vipuld generally (although not necessarily) be under the control 
of the railway company. ^ 

Note. — The following papers contairf much information on railway electri- 
fication under British conditions — 

“ The Electrification of Suburban Railways ” (F. \\\ (’arter), Proceedings 
of the Institution of Mechanical Engineers (1910), p. 1073. 

“ The Cost of Electrically-propelled Suburban Trains ” (IT. M. Hobart), 
ibid, p. 1103. • 

“ The Equipment and Workinj? Results of the Morniy Railway under Steam 
and under Electric ^J'raction *’ (J. Shaw'), Minutes of Proceed ngs of 
the Institution of Civil Engineers, vol. 179, p. 19. 

“ Some Railway Condition'? j^oveminf? Electrification ” (Roger T. Smith), 
Journal of the fnstUuiion of Electrical Engineers, vol. 52, p. 293. 

“ ElectAfication of Railways as affected by Trallic Considerations ” (H. W, 
Eirth), ibid, p. 009. 

“ The Future of Main-line Electrification ’* (IF. E. O’Brien), ibid vol., 02, p. 729. 

* Formerly, the London, Brigliton and South Coast Railway purchased power 
for their suburban lines (a portion of which was electrified, on the single-phase 
system, in 1908, and the eloc^trification of the suburban system was completed in 
about i<4») from the London Electric Supply Corporation, Deptford. With the 
inclusion of this railway in the Southern group these lines are lieing converted to 
direct-current working so as to obtain uniformity in the whole of the Southern 
suburban system. 



CHAPTER II 

THE MECHANICS OF TRAIN MOVEMENT 

I. Preliminary Study of Speed-time Curves 

The motion of a train or any vehicle is made up of periods of acceleration, 
of retardation, and, in some cases, of constant speed. Now, acceleration 
a/id retardation represent the rate of change of speed with respect to 
time ; therefore, a curve which shows the speed of the train with respect 
to time will also supply information concerning the acceleration and 
retardation. Eor example, the acceleration or retardation at any instant 
can be obtained by determining the tangent of the angle of inclination 
of this curve (at the given instant) to the time axis — an upward slope 
(tangent positive) indicating acceleration, and a downward slope (tangent 
negative) indicating retardation. The acceleration, or retardation, 
obtained by this method will be given in terms of the unite adopted 
for the axes of speed and time. If the former is represented in miles 
per hour and the Matter in sc^conds, the acceleration or retardation will 
be expressed in miles per hour per second (abbreviated, ml.p.h.p.s.).* 

Further, the distance travelled by the train during a given interval 
of time can bo obtained by determining the area between the curve and 
the time axis corresponding to thig interval. 

It is apparent, therefore, that curves of the above typo (which are 
called “ speed-time’’ curves) are of considerable importance in connection 
with the movement of trains. But in (dectric traction these curves are 
of fundamental importance, since, if wo are also provided with the charac- 
teristic curvcjs of the driving motors, wo can calculate the emergy con- 
sumed by the train during the run. Moreover, with a knowledg(J>^ of the 
resistances to motion, we are able to estimate the energy required to 
operate a train to a given schedule, as soon as the speed-time curve, 
corresponding to this schedule, has been determined. 

It is necessary, therefore, to consider in detail the various portions 
of the speed-time curve, and to show how the curve corresponding to a 
given schedule may bo obtained. 

A speed- time curve, for a run between two stations, is usually made 
up of periods of (1) acceleration ; (2) constant speed, or “ free running ” 
(which may bo zero for short distance runs) ; (3) coasting, i.e. running 
with power shut off, the retardation being due to the resistances to 
motion ; and (4) retardation or braking. 

With electric trains, equipjx^d with series motors, the period of 
acceleration is made up of (a) an initial jxTiod, during which the accelera- 
tion is practically constant ; followed by (6) *a period in which the • 
acceleration gradually decreases until the maximum speed is reached. 

The period of constant acceleration corresponds to the “ notching ** 
or starting period, during which the current input to the motors can be 

* In tliis treatise we shall generally express acceleration in this manner, since 
speeds, i^f tramway and railway calculations, are usually expressed in miles hour. 

It is useful to remember that an acceleration of one mile per hour per second is 
' equivalent to 1'466 feet per second per second. 

• 10 
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maintained at a definite mean value. This value depends on the number 
of notches, the grading of the rheostats, and the rate at which the 
rheostats are cut out. 

When full voltage is applied to the motors, the current and torque 
will decrease as the speed increases. Therefore the acceleration will 
gradually decrease until the torque is just sufficient to balance the 
resistances to motion. The shape of this portion of the speed-time 
curve will depend entirely on the shape of the speed-torque curve of the 
motor, and will be affected to some extent by variations in the line 
voltage and in the resistances to motion. • 

These two portions of the accelerating period are called respectively 
rheostatic acceleration’’ or acceleration while notching,” and accel- 
eration on the speed curve ” or speed-curve running.” 

The duration of the free-running and coasting periods will depend 
on the nature of the service (that is, the distance betwetui the stops and 
the average speed between the stations), and will be affected by the 
acceleration and retardation, as discussed below. 

• 

laical speed-time curves for electric trains opcjrating on passenger 
services are given in Figs. 1 , 2, 3. ifiach curve corresponds to a particular 
class of traffic, viz. (1) urban or city service, where the distance between 
stops is of the order of 0-5 mile ; (2) subimban service, where the distance 
between the stops may average from 1-5 to 2 miles over a distance of 
from 15 to 20 miles from the city terminus ; (3) main-lino service, where 
the stops arc infrequent. • 

In Fig. 1, which is representative of city service, relatively high 
values must bo adopted for the 
acceleration and retardation in 
order to obtain a moderately 
high average speed between 
the stations. The short dis- 
tance between the stations does 
not permit of a free-running 
period, since it is desirable to 
include a short coasting period 
in order to obtain a reason- 
able energy consumption. This 
class of traffic requires a fre- 
quent service of trains. 

In suburban service (Fig. 2) 
the longer •distance between 
the stations permits of a free- 
running period and a longer 
coasting period than ia possible with city service. In this case, also, 
relatively high values for the acceleration and retardation are required 
in ord^r to render the service as attractive as possible. Moreover, at 
certain periods in the day there will be a large traffic in one direction, 
which will require a frequent service of traiiis during these periods. 

Maiii-line service (Mg. 3) is characterized by the long periods of 
free-running at high speeds, the accelerating period being relatively 
unimportant. • 



Fio. 1. — Speed- time Cun^ for City Service. 
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It is apparent, therefore, that the requirements for urban and main- 
line services are totally dissimilar, hence an eciuipmcnt designed for 
main line service will be totally unsuited for urban service, and vice versa. 
I'he full discussi<3n of this point, however, must be deferred until later. 



The initia l acceleration for electric trains is from 1*0 to 1-5 miles 
per hour per second. These values are from two to three times those 
obtained with the ordinary class of steam locomotive. ^ 



The limitations to the acceleration are (1) the weight of the •equip- 
ment ; (2) the peak load on the substations and power housie ; (3) the 
discomfort of the passengers ; while, in addition, there are financial 
considerations, such as (4) the cost of the rolling stock and equipment ; 
(6) the^inaintenance charges on the equipment and rolling stock ; (6) the 
•cost of energy. * 





ERRATA 

Pago 13, Fig. 4 (c). For read tan 
Pago 113. fourth line from foot of page. For Fig. (15a 
read Fig. 05. 

Fago 114, thirtl lino from top of page. For Fig. 05b read 
Fig. 65a. ^ 

T*ngo 693, foot of jmgo. F»r E - 0*8F*//i reekl E 
3-8 

Page 698, (lontro of page. For -p 3 por cent read :P 
3 |)er cent. 

Pago 710, answers to Ex. VI, 2 should read O'S'^, 1*3 : 1. 
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Braking retardation. With the adoption of a high acceleration it 
becomes necessary to employ a high retardation, in order to obtain a 
reasonable energy eonsumption, since, for given values of acceleration, 
distance of run, and average speed, the higher the retardation the longer 
will be the coasting period,* and, therefore, the shorter the time during 
•which power is supplied to the motors. With modern types of quick- 
acting brakes, a retardation up to 3J miles per hour per second can be 
ob4ained. For urban and suburban services at high schedule speeds the 
retardation during braking is from 2*0 to 2-5 miles per hour i>cr second. 

• 

Simplified speed-time curve. When comparative performances for a 
given service, at various schedule speeds, f are required (for example, in 
preliminary calculations for time-tables, etc.), the actual speed-time 
curves of Figs. 1, 2, 3 are replaced by simplified speed-time curves, which 
do not involve a knowledge of the motor characteristic. These simplified 



Fig. 4. — Methods of Simplifying Speed-time Curves for 
Preliminary Calculations. 


speed-time curves have simple geometric shapes, and, in consequence, the 
relationship between the acceleration, retardation, average speed, and 
distance can be deduced by simple mathematics. 

For example, the speed-time curve of Fig. 1 can be replaced by 
either of the equivalent quadrilateral diagrams shown in Fig. 4, in both 
of which the acceleration and braking retardation have the same values 
as those in Fig. 1, and all diagrams enclose the same area. The speed- 
curve-running and coasting periods of the actual speed-time curve, Fig. 1, 
are replaced in one case, Rg. 4 (a), by a constan t-speed period, and in the 
other case. Fig. 4 (c), by extensions of the initial accelerating and costing 
periods. 

* The trape zoidal diagram, Fig. 4 (a), gives the simpler relationship 
between TEe principal quantities concerned with speed-time diagrams, 
and al^ gives a close approximation to the actual energy requi^ for 
propulsion >511. long^distapce runs .on.level track. On the other hand, the 

* With a given distance between stops, tlie running time and the area of the 
speed-time diagram must be constant. 

t Schedule, or ** booked,** speed is the average speed obtained when the duration 
of the stop is included. 
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quadrilateral diagram, Fig. 4 (c), approximates more closely to the actual 
conditions on short-distance runs in which coasting is an important 
item. 


Relationship between principal quantities in speeS-time curves. Con- 
sidering the trapezoidal speed-time curve* Fig. 4 (6), let 
D = distance between stops, in miles. 

T = running time, in seconds. 
a = acceleration, in miles per hour per second. 
jS = retardation, in the same units. 

* Va = average speed, in miles per hour (= 3600i>/T). 

= free-running, or maximum, speed, in miles per hour. 

— time of acceleration, in seconds (— V^Ja), 

<3 =: time of braking, in seconds 

<2 == time of free running, in seconds [ = T - {t^ H- t^) ]. 

Then the area of the trapezium — which represents the distance 
between stops — is given by* 

D — V + ^2 + i^3)/3600 

= Vmmi -f h) + + <3)1/3600 

= v^[T^Uh + hm^^ 

Substituting for and in terms of F„j, a, )8, wo have 

+ • • ■ • <" 

When a or ^ is to be determined wo re-arrange this equation in the 
form 


1 1 1200 fV^T 

a'^P~ \ 3600 



or, since T/SOOG = we have 

1 1 _ 1200D/ V„ 

+ /? “- 


d ' P r m 


V 2 




(2) 


When F^ is to be determined, equation (1) is re-arranged as an 
ordinary quadratic equation, thus 

' [t^ ^ ^ ~ ( 3 ^)) + ^ ® 

and the solution is obtained by general algebraic rules. For example, 
in the case of an equation of the form ax^ + bx + c = 0, the solution is 
giveh by • 

- 6 d? - 4ac) b If/ b Y fc \1 

= "(OJ 

Hence, in the present case, where • 

T, 1 /I 1 \ , T ,, , 

t X ~Vn, a — 7200 \a ^ j. * - - 30 oo» c — D, yvo have,. 

(it?) ’’ V[(^+?)’^ - (^^)] ■ • ® 


* Fcfr the area to represent distance in miles, ordinates (i.e. speed) must be 
Expressed in miles per hour and abscissae (i.e. time) in hours. 
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The numerical evaluation of this equation is effected expeditiously by 
the use of the slide rule, but it becomes tedious when ordinary arithmetic is 
employed. An cUtemative equation for which avoids the extraction of a 
square root, is readily derived from the geometry of Fig. 4 (b). Thus, since 
the trapezium ODEC^and the equivalent rectangle OFGC are of equal area, 
the area of the smaller trapezium HDEK must be equal to the combined 
'area of the two triangles OFH, KGC, If the periods FH^ KG are denoted by 
^ 4 , /s, respectively, the equality of these areas is given by 

• - «4 + <«)] = + i^a<5 

Now <x = VJa, U = VJ^. <4 = VJa, i, = Vjp. 

Hence, substituting for these quantities and re-arranging terms we haVe 

(Vm -y.)[T -(i + 1) [r, + HV„ + r j] j = -f 


and, finally, 

V,n-Va + 


iVJ( a -f fi)/ap 


Va + 




T~ (1 + VJYa) (a -t- ^)/a/S 


(3a) 


The evaluation of this equation requires a knowledge* of the value of the 
ratio V^fV^ (which depends upon the shape of the trapezium ODBC). But 
for speed-time curves of the shapes of Mgs. 1 and 2 sufficient accuracy will 
usually be obtained by assuming V^^tV^ as 1-25. The correctness of the 
assumption can always be checked from the separate values of V^ and V ^ 
derived by calculation, and, if necessary,* a closer degree of accuracy may be 
obtained by a further calculation of [from equation (3«)] using a revised 
value for F^j/F^. 

Considering the quadrilateral speed-time curve. Fig. 4 (c), let Vi, Kj,, 
denote the speeds — in miles per hour — ^at the beginning and end, respec- 
tively, qf the coasting period, the duration, in seconds, of this period ; 
^ 0 , fg, the duration, in seconds, of the accelerating and braking periods, 
re.spectively ; the coasting retardation in ml.p.h.p.s. ; and Z>, 7\ a, p. 
Fa refer to the same quantities as employed in the trapezoidal speed- time 
curve. Then the area of the quadrilateral OLMO is given by 

P = + ti) + + f8)]/3600 

= -f 1/3600 


= r + Vi) - iVyV^ (I -f s )1 /3600 


Now 7, = = V,-fiAT- {l» + <*)] 

- Fi-zS.r -f 7,/3./a f 7A/^ . 

i.e. . . . .. (4) 

•Substituting this value «f or Fg in the equation for D and simplifying, 
we obtain 


D 


7Siof''>^[' + 


a(/? + i8.) + 2^^c '| 




(a • h /?«) (a + fi) 
a* ft 


+ ft.T» 


]| • 


ir.i'''' 

Unarpara J^kdebna Public JLibnA 'N 
Gift ' 


( 6 ) 
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and by further simplification and rc-arraiigoment we have 

a'' [^7200 ~ (/S-/3e) - ( 2 - J 

+ a[FxV + i3c)-W«3’]+ Wc = 0 • . . . (6) 

In the application of these equations p, p^, D and the average speed 
(from which T can be calculated) will usually be known. Solutions can 
then be obtained for when a is given, or for a when is given. 
F 2 is then obtained from the equation 

If, however, the distance, D, is required, when values of the accelera- 
tion, retardations, and the duration of these periods are given, the calcu- 
lation is more straightforward when carried through step by step (as in 
Example 3, below) rather than by substituting in equation (5). 

Examples, ( 1 ) A train runs on a service in which there are two stops 
per mile and tiie schedule speed is 17 ml.p.h., stops being of 20 seconds’ 
duration. Determimj the trap<izoiiial spetid-time curve for the run if the 
acceleration is 1-2 lul.p.h.p.s. and the braking retardation is 2 mLp.h.p.s. 

The distance between stops {D) is 0*5 mile. Whence the schedule time is 
(3600 X 0*5/17 == ) l()5-8 sec. and the runiing time (T) is (105*8 - 20 = )85*8 sec. 
Hence, substituting in equation (3)* and solving for we obtain 

= 26*4 ml.p.h. 

Also 3600 DjT = 3600 X 0-5/S5-8 20*97 ml.p.h. 

Whence 


ix = duration of accelerating period = = 22 sec, 

U = duration of braking period -= V^jp 13*2 sec. 

<2 = duration of free-running period = T - -f- <3)-= 50*6 sec. 

Dj = distance run during accelerating period = jr^,j/i/3600 = 0-0806 ml. 

Ha = distance rim during free-running period =- = 0-371 ml. 

H3 = distance run during braking period = \ = 0-0484 ml. 


(2) A train is required to run between stations 1 mile apart at a schedule 
peed of 25 ml.p.h., the duration of the stops being 20 seconds. The braking 
retardation is 2-25 ml.p.h. p.s. Assuming a trapezoidal speed-time curve, 
calculate the acceleration if the ratio (maximum speed/average speed) is to 
be 1*25. 

The schedule time is (1 X 3600/25 =) 144 sec. 

Hence the running time {T) is (144-20) 124 sec., and the average 

speed (Ffl) is (1 x 3600/124 =) 29*05 ml.p.h. 

Whence the maximum speed (F,„) ~ 1-25 x 29-05 = 36-3 ml.p.h. 

The acceleration is calculated from equation (2) thus 

1 72005/ ,\_1 

« . \ K ~ ) ~P 


i.e. 

and 


I 

a 


7200 X 1 


36-3^ 

a = 1*09 mLp.h.p.s. 


( 125 - 1 ) -^ = 0-017 


(3) A train is accelerated uniformly from rest until a speed of 25*ml.p.h. 
is reached 20 seconds after starting. P6wer is then cut off and the train 
coasts for 40 seconds. I'he brakes are then applied and the train is brought 
to rest 70 seconds after starting. The retardation during coasting may be 
assumed to be uniform at the rate of 0*1 mLp.h.p.s. Determine the distance 
^run fbom start to stop and the average speed. c 
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The calculation is best effected step by step. First the speed (Fj) at the 
end of the coasting period is determined. Thus 

Fj = Fi - pjl, (p. 15) = 25 - 0 1 X 40 = 21 ml.p.h. 

Hence, 

Distance run during accelerating period = J X 25 x 20/3600 = 0'0004 ml. 

* Distance run during coasting period = J(25 -|- 21) X 40/3600= 0*25.55 ml. 

Distance run during braking period = J X 21 X 10/3600 = 0*0292 ml. 

e .’. total distance run = 0*354 ml. 

Whence average speed = 0*354 X .3600/70 = 18*2 ml.p.h. 

(4) A train is required to run between stations 1*2 miles apart at a schedule 
speed of 25 ml.p.h., the duration of the stops being 20 seconds. The run is 
to be made according to a quadrilateral speed-time curve. Fig. 4 (c), and the 
coasting and braking retardations may be assumed at 0*1 ml.p.h.p.s. and 
2 ml.p.h.p.s. respectively. Determine thci acceleration if the speed at the 
end of the accelerating period is 38 ml.p.h. Determine also the duration of 
the coasting period. 

The schedule time is (1*2 X 3600/25 --^) 172*7 k(‘c., .and the nmning time 
(T) is (172*7 -20 =) 1.52*7 sec. 

The acceleration is calculated from equation (6) by substituting the 
appropriate numerical values for />,.tFi, T, fi, Thus, after substitution 
and simplification, we obtain the equation ^ 

-ISo-* + 18*72a -I- 7*6 -- 0 
from which a 1 *352 ml.p.h.p.s. 

Hence, duration of accelerating period = 38/1*352 = 28*1 sec. 

The duration of the co^isting period can be detc^rrnined when the speed 
(Fa) at the end of this period is known. This speed is calculated from 
equation (4), thus 

V,==P[Vdl +/i,/ci)-/i,7W --/?,) 

- 2[38(l + 0*1/1*3.52) -0 1 X 152*7|/1*9 
^ = 26*88 ml.p.h. 

Whence duration of coasting p(u*iod 

= /, " ( F, - -- (.38 - 26-88)/0*l - 111-2 sec. 

A check upon the calculations can be m.'ide by (*al(*ulating (1) the braking 
retardation from Fg and the duration of tin? braking i)eriod ; (2) the distances 
run during acceleration, coasting, and braking. 

Thus, the duration of the bi'aking period 

= 152*7 - (28*1 + 111*2) 13*4 sec. 

and the computed braking retardation is 26*88/13*4 =- 2*005 ml.p.h.p.s., 
which checks closely with the given value of 2*0 ml.p.h.p.s. 

Distance 'mn during acceleration *— J X 38 X 28-] /seoo = 0-148 ml 

Distance run during coasting - J(38 H- 26*88) X 111*2/3600= 1-002 ml. 
Distance run during braking ’ i x 26*88 x 13*4/3600 = 0-05^1. 

Whence the total computed distance = 0*148 H- 1*002 -|- 0*05 = 1-2 ml., 
^hich is correct. ' 

(5) A train is required to run between stations 1 mile apart at an average 
speed ofe25 miles per hour. The run is to be made to a quadrilateral speed- 
time curve, tthe acceleration bein^ 1-25 ml.p.h.p.s. and the coasting and 
braking retardations being 0*1 and 2 ml.p.h.p.s. respectively. Determine the 
duration of the accelerating, coasting, and braking periods and the distances 
run during these periods. 

In this problem the speeds Fi, Fg, at the beginning and end, respectively, • 
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of the coasting period must first bo determined, Fi being calculated from 
equation (6), and F* from equation (4). 

The running time (T) = 1 x 3600/25 — 144 sec. 

Hence, substituting this value and the known values of i>, a, P, Pc in 
equation ^5) and simplifying, we obtain the equation fcfr Fi as 
1-476 Fi* - 327-3 Fi + 9382 = 0 
Whence Fi = 33-96 ml.p.h. 

Substituting in equation (4), we obtain 
Fj = 23-45 mLp.h. 

Ilrmce, 

Duration of accelerating period = Fi/a = 27-17 sec. 

Duration of coasting period ■= (F^ - Vi)IPc=^ 105-1 sec. 

Duration of braking period = V 2 IP ~ 11-73 sec. 

Distance run during accelerating p.^riod= J X 33-9() x 27-17/3600 

= 0-128 ml. 

Distance run during collating pe’ iod = J(33-96 + 23-45) X 108/3600 

= 0-837 ml. 

Distance run during braking period = J X 23-45 X 11-73/3600 

= 0-0382 ml. r 

Total computed distance = 0-12^ -f- 0-837 -f- 0-0382 = 1-003 ml. 

LNote. — The sliftht discrepancy between the computed distance (1-003 
ml.) and the actual distance (1*0 ml.) i-; due to the use of the slid - rule in 
making the calculations, j 

Equivalent speed-time curve. An important property of speed-time 
curves of constant sha])(i, but of 'unequal area, is that they can all be 
reduced to an equivalent speed-time curve of the same shape, provided 
that the co-ordinates of this equivalent speed-time curve are suitably 
chosen. Thus, consider two trapezoidal speed-time curves A, B, of 
similar shape but of unequal area, plotted to the same co-ordinates. 
L( 5 t the maximum ordinate of B he k times that of A, Then, s’picc the 
shape is constant in the two cases, the acceleration and tlie braking 
retardation must remain constant, and the durations of the accelerating, 
braking, and free-running periods of speed-time curve B must bo k 
times those of the corresponding periods of speed-time curve A. Conse- 
quently, the area of speed- time curve B — which represents the distance 
run, say Dg miles — is kr times that of speed- time A (which refers to a 
run of, say, miles). That is, Dg = k^Bi, or & = ^^(Dg/Di) =^(^1/^2)*. 
where 5^, Sg are the reciprocals of the distances Dg respectively, and 
denote the stops per mile corresponding to services run according to the 
spetd-timo curves A and B, respectively. 

Hence if T^, denote the running times, and Fi,„, Fg^j, the maxi- 
mum speeds in the two cases, A and B, respectively, then 

Tg = kT I = 

and or " 

Therefore, if the co-ordinates of the original speed-time curves are 
changed to speed x mile) and time X \/(stops per mile), a 

single speed-time curve will be obtained. 

The equivalent speed-time curve is of considerable use in estimations 
of eii^rgy consumption, and its application is discussed in the next 
‘ chapter. • 
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Factors affecting schedule sp^. The sclicdulo speed of a given train 
when running on a given service (i.e. with a given distance between 
stations) is influenced by the digation of th e sto p^ the ^.ficJeratiojij the 
braMng retardation/and the maximum speed. With different classes of 
service the distance between stops has also a considerable influence on 
•'the schedule speed. In order to show the effect, on the scheduler speed, 
of these variables, the Tables II, III, IV, and the curves in Kgs. 5, 6, 7, 
hflf^re been prepared. The trapezoidal form of speed-time curve. Kg. 4(6), 
has been employed for the calculations for Tables III and IV. 

The effect of the duration of the stop on the schedule speed, for k 
given average speed, is shown in Table II, which emphasizes the impor- 
tance of short stops for urban service. For this class of service a stop 
of 15 to 20 seconds’ duration is generally sufficient. The effect of 
increasing the stop (in Tabic 11) from 10 to 20 seconds reduces the 
schedule spec^d by 10 per cent ; and if the stop is increased to 40 seconds, 
the schedule speed will be 16-4 per cent less than that with a stop of 
20 seconds. With longer distances between stations, the duration of the 
stop can bd increased without affecting the schedule speed to any great 
extent. Thus, comi)aring the 2 mile and 5 mil(5 runs, the effect of 
increasing the duration of stop from 20 to 40 seconds reduces the 
schedule speeds by 5-4 per cent and 2*4 per cent respectively. 

TABLE II 

Schedule Speeds corresponding to an Average Speed of 22 
^ ML.p.H. FOR Various Distances between Stops and Duration 
' OF Stop. 


Distance between stops : 

% 

0*5 mile 

1 1*0 mile 


5 miles 

Duration of Stop. 


SCHEDU 

£ Speed. 


seconds. 

inl.p.h. 

inl.p.h. 

ml.p.b. 

inl.p.h. 

10 

196 

20*8 

21*3 

21*7 

20 

17-7 

19*6 

20*7 

21*4 

30 

161 

18*6 

20*1 

21*2 

40 

14-8 

17*7 

19*6 

20*9 

60 

13-7 

16*9 

19*1 

20-7 

6Q 

12-7 

16*1 

18*6 

20-5 


Table 111 gives the minimum acceleration required to maintain 
Various schedule speeds Under various conditions. The rate of braking 
has been taken at 2*0 ml.p.h.p.s. in all cases, and the maximum speed 
from 20 'per cent to 40 per cent above the average speed, depending 
on the distance between stops. This gives conditions which are similar 
to those encountered in practice, since, the longer the distance between 
stops, the lower will be the ratio between maximum and average speeds. 
The method by^which the flgures, in the last column of Table III, have 
been obtained is* the same as that employed in Example (2), p. 16. Thus 
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TABLE III 

Minimum Acceleration required for Various Services. 
Brakenq Retardation : 2 0 ml.p.h p.s. 


distance 

between 

Stops. 

Duration 

of 

stop. 

Schedule 

Speed. 

Schedule 

Time. 

Running 

Time. 

Average 

Speed. 

Ratio 

Maximum Speed 
Average Speed 

Maximum 

Speed. 

Minimum 

Accelera- 

tion. 

1 

ipiles. 

seconds. 

ml.p.h. 

seconds. 

seconds. 

ml.p.h. 


ml.p.h. 

ml.p.h.p.s. 


15 


110 

16*36 


229 






80 

22*5 

1-4 

31-5 


0-5 


25 

72 

62 

29 


40-6 

2*68 


15 

120 


18 


25-2 

0*57 




20 

90 


25*7 

1-4 

36 

1-64 



25 

72 

52 

34*6 


48-4 

8-7 



20 


170 

- 21-17 


1 

27-5 

0*425 


10 


144 

134 

26-85 

1-3 

34-9 

0-79 


30 


no 

32*7 

42-5 

1-44 

10 


35 



38-8 


50-5 

2-9 


20 


160 

22-5 


29-25 

0*5 



20 

25 

144 

124 

29 

1-3 

37-7 

0*98 


30 



36 

45-5 

1-85 



35 


82-8 

43-5 


66-6 

5-7 



20 

360 

350 

20*57 


24-7 

0*237 


10 

25 

288 

278 

25*9 

1-2 

31 - 1 * 

0*4 


30 

240 

230 

31-3 

37-6 

0-65 



35 

206 

196 

36*7 


44 

1-0 



20 





25-3 

MW 

20 

20 

25 

288 

268 

26-85 

1-2 

32*2 


30 


220 

32-7 

39-3 

■iWW 



35 

206 

186 

38-7 


46-4 

1-2 



20 



21-8 


26-2 

0*27 


30 

25 

288 

258 

27-9 

1-2 

» 33-5 

0*48 


30 



34-3 

41-2 

0*83 

% 


35 

208 

176 

40-9 


49-1 

1-43 


1 r 


consider that the run of \ mile between stops is to be made at a schedule 
speed of 20 ml.p.h., with a stop of 20 seconds, other conditions *being as 
above. Then we have 

Schedule time = 0-5 X 3600/20 = 90 sec. 

» •. Running time =90-20 =70 sec. 

Average speed = 0-5 X 3600/70 = 26*7 ml.p.h. 
























TRAIN MOVEMENT : EPEED-TIME CURVES 


21 


TABLE IV 

Schedule Speeds corresponding to Various Services. 


Distance 

between 

Stops. 

Acceler- 

ation. 

Braking 

Retard- 

ation. 

Maxi- 

mnin 

Speed. 

Ratio 

Maximiini Speed 
Avel'iige Speed 

Average 

Speed. 

^ Running 
Time. 

Du -ation 
of 

Stop. 

Schedule 

Time. 

Schedule 

Speed. 

miles. 

ml.p. 

h.p.s. 

ml.p. 

h.p.s. 

nil.p.h. 


ml p.h. 

seconds. 

seconds. 

seconds. 

ml. p.h. 


10 


31*2 


22*3 

80-7 

10 

LO 

90-7 

100-7 

19*6 

17*8 


1-25 


33*3 


23*8 

75-6 

10 

20 

85*6 

95*6 

21 

18*8 

0-5 

1*5 

20 

35-1 

1*4 i 

25*1 

71*7 

10 

.20 

81*7 

91*7 

22 

19*6 


1*75 


36*7 


26*2 

68-7 

10 

20 

78*7 

88*7 

22*9 

20*3 


20 


38 


27*2 

66*1 

10 

20 

761 

86*1 

23*6 

20*9 

1 

0*75 


31*3 


26*4 

136*5 

10 

20 

146*5 

156*5 

24*6 

23 

1 

1*0 


38 


29*25 

123 

10 

20 

133 

143 

27*1 

2 S*e 

10 

1*25 

2 © 

40*8 

1*3 

31*4 

114*6 

10 

20 

124*6 

134*6 

1 28'9 

1 26*7 


1 *^ 


43 


33*1 

108*8 

10 

20 

118*8 

128-8 

30*8 

28 


2*0 


46*5 


35*8 

100-5 

10 

20 

110*5 

120*5 

32*6 

29*9 


0*5 


34 


28-4 

254 

20 

30 

274 

284 

26*3 

25*4 

20 

0*75 

1*0 

20 

39*6 

43*8 

1*2 

33 

36*5 

218 

107 

20 

30 

20 

30 

238 

248 

217 

227 

30*3 

29 

33*2 

31*7 


1-25 

• 

47-1 


39*3 

183-5 

20 

30 

203*5 

213*5 

36*4 

3^7 


Note. — T he maximum speed is obtained from equation (2), thus : — 


or 



the ratio 


Y^being known. 
y A 
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The maximum speed is 40 per cent greater than the average speed 
(i.e. maximum speed = 1*4 X 25*7 = 36 ml.p.h.). Inserting tWs value 
in equation (2) we obtain 


1 7200 X 0*5 

a ” (36)2 

whence a = 1’64 ml.p.h.p.s. 


(1-4- l)-i = 0-61 



Fio. 6. — Influence of Duration of Stop f«iQ, 6, — Minimum Acceleration to main- 
and I^ength of Run on Schedule tain given Schedule Speeds with various 

Speed. Distances between Stops, 


Table IV gives the schedule speeds, corresponding to varioiis values 
of acceleration, for various conditions, the rate of braking and ratio of 
maximum to average speed being the same as in Table III. 



Acceleration^ mKp.hp§>. 


Flo. 7. — Schedule Speeds corresponding to runs of 0*5, 1*0, 
and 2 0 miles, with various Values of Acceleration. 

The results of Tables II, III, and IV are plotted in Figs. 6, 6, 

a^d' 6 ^ ^ 

A study of these tables and curves shows the necessity of a high 
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acceleration, if a high schedule speed is desired, in urban and suburban 
service. It is evident that no steam locomotive could run a service at 
a schedule speed of 20 ml.p.h. with a stop every J mile, even when the 
duration of the stop is only 10 seconds, but it is quite within the 
range of electric traction to run this service with a stop of 20 seconds’ 
duration. 

When we consider longer distances (e.g. above 1 mile) between stops, 
thei importance of a high acceleration is not so marked, and a steam 
locomotive would be quite capable of running a service at a schedule 
speed of over 25 ml.p.h. with a stop of 30 seconds’ duration at stations'^ 
2 miles apart. 



CHAFIER III 

THE MECHANICS OF TRAIN MOVEMENT 

II. Preliminary Investigation of Energy Consumption 

We have shown how the speed of a train can be represented during any 
interval of its motion, and it is now necessary to consider the manner 
in which the energy required can be estimated. 

When electricity is applied to the operation of tramway and railway 
systems from a central power station, it is necessary to predetermine 
the amount of power required by the cars and trains, in order that the 
power-station equipment, substations, fcjcdors, etc., may be design(^d 
for economical working. The degree of accuracy to which this pre- 
determination is possible will depend on the exactness of th(5 available 
knowledge relating to the conditions of operation, such fOis schedule 
speed, distance between stops, frequency of service, weight of cars, etc. 
Thus, on railways, the schedule spedds are fixed by time-tables, and the 
operating conditions are known, but with street tramways the schedule 
speeds and the operating conditions are very variable. For the case of 
a tramway system an exact estimation of the energy required is not 
essential, as, apart from the variable conditions mot with in street traffic, 
the maximum power taken by a^tramcar does not usually exceed 75 kW. 
On the other hand, the maximum power rc^quired by a train may exceed 
2000 kW., and therefore an accurate estimation of the energy required 
in this case is essential. 

The total energy supplied to an electric train for propulsion may be 
expended in live ways, viz. (1) in (icceierating the train in a l^prizontal 
direction ; (2) in accelerating the revolving parts ; (3) in doing work 
against gravity, if the train is ascending a gradient ; (4) in doing work 
against the resistancjcs to motion ; and (5) in supplying the losses in the. 
motors and electrical equipment. 

For short-distance runs on level track at high schedule speeds, the 
energy required for acceleration forms a large percentage of the total 
energy supplied for propulsion. On the other hand, with long-distance 
runs on level track at high speeds the energy expended against the 
resistances to motion may be considerably greater than that required for 
acceleration. 

The energy expended in accelerating the train is convert jd into kinetic 
energy and therefore represents stored energy which is recoverable for 
propulsion purposes. A portion of this stored energy is utilized during 
coasting and the remainder is dissipated as heat in the brake shoes. ^ 

Determination of energy required for propulsion. The determination 
of the energy required for acceleration, and also for the other items 
(except the losses in the motors) enumerated above, involves only the 
application of elementary dynamics. The work done during a period of 
uniform acceleration from rest, the work done against gravity, and the 
energjr expended against the resistances to motion can a]Jl be determined 

24 
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directly from simple expressions when no variable factors are involved. 
But with variable acceleration and resistances to motion the work done 
must bo calculated by a point-to-point method which involves the 
separate consideration of the quantities (i.e. force, speed, time) concerned. 
We shall, therefore, show how to calculate the force necessary for 
ficceleration. 

•Tractive force lor acceleration. The fundamental dynamical equation 
concerned with the acceleration of a body in a horizontal direction is 

Acceleration = accelerating force/mass of body *» 

When British units arc employed the acceleration is expressed in h^et 
per second per second, and, if the accelerating force is expressed in pounds, 
the mass of the body must be expressed in engiiuHT’s mass units, i.e. 
(weight in lb. /gravitational acceleration in ft. per sec. per sec.) or wjg 
where w is the weight in lb. and g is the gravitational acceleration in 
ft. per see. per sec. In this country the value of g is taken at 32-2. 

If, however, the acceleration is to be expri^ssed in miles p(T hour per 
second (a) and the weight in tons (W), then for the aecehjrating force (F) 
to be in lb., we must have > 

a(528()/3G00) -= 1^7(2240 H732-2) 

whence F ^ lfa[2240 x 62 80/ (3600 x 32*2)] 

102 Wa. 

Therefore to obtain an acceleration of 1 mile })er hour j)er second (or 
1*467 feet per second per second) an accelerating force of 102 pounds is 
necessary for each ton accelerated. 

This relationship, however, only holds good provided that the body 
being accelerated possesses no rotating parts. Ihit with electric trains 
the wheels, axhis, motor armatures, and gearing have to be a(;cc4erated 
in an angular direction at the same time as the whole train is accehTated 
in a linear direction. The force required for the angular acccilt ration of 
these parts is determined from the fundamental relationship 

Angular acceleration — accelerating torque/raoment of inertia. 

In this equation the angular acceleration is (*x pressed in radians per 
sec. per sec. when the accelerating torque is expressed in lb. -ft. and the 
moment of inertia is expressed in engineer’s mass units and (feot)‘^. Thus 

Oo = §^/(fc2 wjg) 

where denotes the angular acceleration in radians per sec. per sec., 
S' the accelerating torque in Ib.-ft., k the radius of gyration in ft., w the 
weight of the rotating body in lb., r/ the value of gravitation acceleration 
in ft. per sec. per see. ^ 

[Note. — Moment of inertia == mass x (radius of gyration)2=(i£;/^)fc2.] 
* Hence, if we have a \vheej, of weight Wj tons and radius of tread 
rift., rotating about its axis, and a force l\lb., in addition to that 
nocessarV to balance the rotational frictional resistances, is applied to 
the periphery, then the angular acceleration of the wheel will be given by 

X 2240Wi/32*2) 

But, if the wheel forms part of a train which is being accelerated 
linearly at a iftl.p.h.p.B., the angular acceleration in radians per sec. 
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per sec. == (linear acceleration of tread of wheel in ft. per sec. per 
sec. /radius of tread in ft.), i.e. 

aa = (5280/3600) a/r^ 

whence I\= X [2240 X 5280/(32-2 x 3600)] 

- \02WMh!ri? 

In the case of an armature driven through gearing, of ratio y, from the 
axle of the wheel, the angular acceleration of the armature will be y times 
the angular acceleration of the wheel. Hence if is the weight, in tons, 
of the armature and its radius of gyration, in feet, the torque at the 
'armature shaft necessary for an angular acceleration is given by 

X 2240/32-2 

But the torque at the axle of the wheel will be since the angular 
velocity of the wheel is (1/y) of that of the armature. Therefore, the 
force (/"g tread of the wheel* necessary for the angular accelera- 

tion of the armature is 


^ yjjr, W.,aayHt/lr,) X 2240/32-2' 

- X [2240 X 5280/(32-2 x 3600)] 

-= U)2W^yHkJr^)^ 

Similarly the force (i^^glb.) at the tread of the wheel necessary for 
the angular acceleration of the gear wheel (of weight tons and radius 
of gyration ft.) is 

^^3 = li)2W,a{kJr,r 

and that ( ^^4) nt^cessary for the angular acceleration of the axle (of weight 
tons and radius of gyration ft.) carrying the wheels is 

i^4 102Tr4a(^4/ri)‘-* 

In practice the last item (^4) will bo extremely small in comparison 
with the other items ( F + Fi and may, therefore, be neglected. 

Hence the force (^^Ib.) acting at the treads of the driving wheels 
(and called, therefore, the tractive force) necessary for the acceleration, 
on level track, of an electric train made up of motor and trailer coaches 
will be 

Fa = F 2 niFi -|- u^F 2 + U2F2 

where is the number of axles, the number of motors, F the force 
for the linear acceleration of the dead weight of the train, 2 n^Fi the force 
fo,r the angular accel(*Tation of the wheels (which are all assumed to be 
identical), and ^2^2* ^3 ^^3 forces for the angular acceleration of the 

armatures and gear wheels, respectively. Whence 


F,= 102Tra+ 102 mW^n 

-102a| 

= 102a IT 


fhy 

\^i/ 


) 


( 7 ) 


is necessary to consider this force acting at the tread of the wheel, as the 
eharacteristics of the motor are calculated for the output at this point. 
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where is called the effective” or ** accelerating ” weight of the 
train. 

The amount by which exceeds the dead weight of the train varies 
from 8 per cent to 15 per cent of the latter, the actual value depending 
on the number of wheels and motors, type of motor, etc. 

, In order to calculate the effective weight of a train, it is necessary 
to know the radius of gyration of each rotating part. The radius of 
g 5 qjation of a cylinder is 0*707 X external radius ; an average value for 
a steel-tyred railway wheel is 0-77 X radius of tread ; while, for the 
armature of a direct-current or alternating-current commutator motor, 
the value of 0*7 x external radius of armature core is approximately 
correct. The radius of gyration of a gear wheel will depend on the 
design of the wheel, but, for the class of gear wheels used on motor- 
coach trains, the value of 0*8 x radius of pitch circle will be sufficiently 
accurate. 

Hence, inserting these values in the abov(‘ equation, we have 

= 0-49nJK2y*i -()-64«jW'3^^*y . (8) 

Example, Calculation of the effective weight of a typical motor-coach 
train-unit for suburban service. — train-unit is made up of three 4 -wheel 
bogie coaches and has a weiglit of 94 tons without passengers. It is equipped 
with four direct-current motors and each motor is geared to a driving axl ‘ 
through single-reduction gearing liaving a gear ratio of 2-81. All wheels are 
42 1 in. in diameter and each wheel weighs 10001b. Each motor armature 
weighs 2350 lb. and the diameter of the armature core is 21 in. Each gear 
wheel weighs 565 lb. and has a pitcli circle diamet ‘i* of 30 in. 

Hence, Number of axles (Ui) — 12 
Number of motors (fi-j) = 4 
Substituting in equation (8), we have 

IV^ ^ 94 +[1-2 X 12 X 1000/22401 [0*19 X 4 X (2350 2240) x 2-81 • 

X (2i/12'5)-'J 

■I (0-($l X 4 \ (565/2240) X (30/42*5)2 

= 94 -f- 6*43 3-90 + 0*323 

= 104*7 tons (approximately), 

which is 11*5 per cent greater than the dead weight of the train. It will be 
observed that the effective weight of the gear wheels (0*323 tons) is very small 
in comparison ^ith the effective weight of tlie train. 

Tractive force for gravitational effect and resistance to motion. Wiien 
a train is on a gradient the effect of gravity produces a force which tends 
to cause motion down the gradient. This force is calculated by resolving 
fhe vertical gravitational force due to the weight of the train in a direction 
parallel to the gradient. Thus, if W is the weight of the train, in tons, 
and 6 iS the inclination of the gradient to the horizontal, the force 
(Fg lb.), due to gravity, acting down the gradient is 

Fg = 2240 IT sin 0. 

But in railway work gr^ients are expressed either in terms of distance 
(along the track) corresponding to a rise of 1 ft. or in terms of the rise 
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l)er 100 ft, f)f track. The former is standard in British railway practice 
while the latter is customary in American railway practice and gives the 
“ percentage gradient.” 

Hence, since sin fl = (rise or elevation/distanco along track), the 
percentage gradient (O) is equal to 100 sin 0. Whence 

Fg = 2240TF(G/100) = 22AWO 

It should be observed that for motion of a train up a gradient this 
force must be balanced by a coiTesponding increase in the tractive fbree 
if the acceleration is to be maintained at the same value as on level 
''track. Conversely, if the train is descending a gradient, the force, Fg^ 
forms part of the accelerating force. 

The determination of the tractive force (F^) necessary to balance the 
resistances to motion (which are called collectively “ train resistance ” 
or “ tractive resistance ”) involves a knowledge of these resistances. 

As train resistance is made up of several variable components, none 
of which can be calculated from first principles, our present knowledge 
has had to be obtained experimentally. Train resistance in detail is 
considered later, but for present purposes the specific train resistance 
(i.e. the resistance per ton of train^weught) may bo estimated from the 
following empirical formulae which are based upon experimental results. 

For locomotive-hauled trains* 

r = 2-5 + P/V(50-8 + 0*0278nL) 
and for motor-coach trains f 

AV^ 

r == 4 1 + 0055F+-j^(0-0028ifc + 00000122nL) 

specific train resistance in lb. per ton of train weight, 
weight of train in tons, 

spcjed in miles per hour, i 

number of coaches, 

cross-sectional area (in sq. ft.) at right angles to motion, 
length of each coach in feet, and 

a coefficient to include the effect due to the shape of the ends 
of the coaches. 

These formulae refer to train resistance at constant speed. When 
the speed is changing rapidly, the train resistance is greater than that 
at constant speed, and therefore during the initial period of acceleration 
we cannot apply these formulae for the train resistance. Moreover, 
a ‘relatively large variation in the train resistance, during this period, 
will have little effect on the djmamical performance of the train, since, 
in urban service, practically 95 per cent of the total energy output 
from the driving axles will be expended in acceleration. We are, there- 
fore, justified in assuming an average value for the train resistance durinjg 
the initial accelerating period, and, in practice, this is usually taken at 
from 7 to 10 lb. per ton weight of train. During speed-curve running 

* The fonnula does not include tlie resistance of the locomotive. See paper on 
** Train Resistance by Sir John Aspinall, Minutes of Proceedings of the Institution 
of Civil Engineers, vol. 147, p. 165. 

t See Chapter XVIII. 


where r — 

F ---- 

n ~ 
A - 
L = 
k = 
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(when the acceleration is gradually decreasing), and free running (i.e. 
constant speed), the train resistance should be obtained from the formulae. 

Tractive effort for propulsion of train. The tractive force (J^^) required 
to propel a train on ievel track at a constant acceleration is, therefore, 

, WlWjoL + Wr 

where IT, are the dead and effective weights (in tons), respectively, 
o^the train, a the acceleration in ml.p.h.p.s., and r the specific train 
resistance. 

If the train has to ascend a gradient, then „ 

= -Pa + + -Pa = 102W ,a + Tf r + 22AWQ 

while, if the train has to descend a gradient, we have 
Ft^ F^+ F,-F,:= 102Tr,a + Wr^22AWO 

Examples, (1) A 200-ton train is to be accelerated on level track at 
1-2 ml.p.h.p.s. What tractive effort must be supplied ? 

Assuming the effective weight as 220 tons and the train resistance as 
10 lb. per ton of train weight, we have 

" Ff = 102 X 220 X 1-2 + 200 X 10 = 28,020 lb. 

(2) If the tractive effort in the preceding oxamx)le is maintained constant, 
while the train ascends a gradient of 1 in 250, what will be the resulting 
acceleration ? 

The percentage gradient (G) is (1/250) X 100 = 0*4. 

The acceleration is determined from the equation 
Wr - 22-4WC7)/102 

= [28,920-200(10 + 22-4 X 0*4)]/102 X 220 
= 1*12 ml.p.h.p.s. 

Power output from driving axles. The i)ower output from the driving 
axles at any instant is equal to the product of the tractive effort and 
speed. If the })ower (P) is to be expressed in kilowatts, when the tractive 
effort ({\) and speed ( V) are givtm in lb. and miles per hour respectively, 
then 

P V X 5280 X 74G/(00 X 33,(M)0 x 1000) 

= 0002P,F (9) 

Energy output from driving axles. The energy output during a given 
period is obtained by determining the arcNi of the powder-time (output) 
curve for that period, or, alternatively, by calculating the mean value of 
the power output and multiplying this by the time. If the power is 
expressed in kilow'atts and the time is expressed in seconds — as is cus- 
tomary in calculations of speed-time curves — tlui energy will be given, in 
Idlo watt-seconds. 

For exanqile, for a run, on level track, made according to the trape- 
zoidal speed-time curve [Fig. 4 (6) ] the energy output for the acceleAting 
f^eriod is 

X 0-002 

and the«energy output for the free running period is 

= <2 X 0-002F/F,„ 

where F/ denote the tractive efforts during acceleration and free 
running, respectively, and denote the duration of the accelerating 
and free-runni]|g periods, respectively. 
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Instead of expressing the energy in kilowatt-seconds, it is more 
convenient for purposes of comparison to introduce the train weight and 
length of run, and to express the energy in watt-hours per ton-mile, i.e. 
[^ergy output in watt-hours/( weight of train in tons x distance of run 
in miles)]. , " • 

This quantity is called the specific ener^ output and forms a basis 
of comparison between the dynamical performances of trains operating* 
to different schedules. 

The energy output for a given run represents the energy necessdry 
fpr dynamical purposes, and is entirely independent of the system of 
propulsion, except in so far as the latter affects W and The energy 
input to the motors will depend on the efficiency of the electrical equip- 
ment and the method of speed control. 

The entjr^ input to the motors is called the ** eneiW consumption” 
of the tfain^ since it is the energy used for propulsive purposes. The 
total energy taken from the conductor rails or overhead line will be 
greater than this by the amount required for lighting, heating, control, 
and brake apparatus. 

Tlie energy consumption can be expressed in “ kilowatt-hours per 
train mile,” that is, i 

energy consumption of train in kilowatt-hours 
length of run in miles 
or in ” wait-hours per ton mile,” that is, 

energy consumption of train in watt-hours 
J(^ngth of run in miles x weight of train in tons 
the latter Ix^ing known as the specific energy consumption. 


Specific energy output for runs made to simplified speed-time curves. 

When comparisons are to be iniule between services operated to simplified 
speed-time curves [e.g. the trapezium, Fig. 4 (a), or the quadrilateral, 
hHg. 4 (c) j the specific energy outputs for acceleration and train resistance 
may be determined from very sinijde expressions. Thus, the energy 
expended in accelerating a train from rest to a speed ral.p.h. is given, 
in kW. see., by 


1 (0002 X 102 ' 

lieplacing by V^,Ja, converting into watt hours, and dividing by the 
train weight (W) and distance (i> miles), we have 
»^ecific energy expended in acceleration 

^ -/i(0002F,„2 X 1021f,) X 1000/(3600TFZ)) 

0-0283 IF, V 


D 


W 


Similarly, if the train resistance is constanc at rib. per ton over k 
distance D* miles, the work done against train resistance is 6280/)' PFr 
ft. -lb. Converting this into watt-hours per ton mile for a run of*/) miles, 
we have 

Specific energy expended against train resistance 
= 5280/)' IFr x 746/(550 X 3600 X WD) 

* *= l-99r/)'//) 2r/)'//) (approximately) . t . . (11) 


IK V 


If jp. • 
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Whence the energy expended for the run is 

J = (0*0283 IT + 2rD*jD watt-hours pe'T ton-mile, 
or, if 8 is the number of stops per mile (s = 1//)), we have 

J = 0-02S3 V J^s{W JW) + 2r(D'ID) watt-hours jier ton-mile. 

• A principle which is of importance in comparisons of energy con- 
sumption is that, on the assumption of constant train resistance, the 
specific energy output of a given train is constant for all runs made to 
speed-time curves of similar shapes. Thus, consider two trapezoidal 
speed-time curves of similar shape, the ordinates of one (JB) being k 
times those of the other (^4). Then the maximum speed of B m k times 
that of A, and the distance between stops for B is k^ times that for A 
(p. 18). Hence the specific energy expended in acceleration is 

0-02S3V,nHWJW)ll) for speed-time curve A, 
and 0•02S3(kV^^y^(Wg|W)k^D for speed-time curve B, 
i.e. the two quantities are equal. 

A similar equality is obtained for the spei^itie energy expended 
against train resistance j)rovided that the same value of constant train 
resistance is assumed in caijh case. 

This principle is of considerable use when estimations of energy 
consumption are required for operating a train service along a given 
route at various schedule speeds. It may be extended to actual speed- 
time curves by assuming a definite shape for the speed-curve-running 
portion of such curves, ana with generalized data of motors the energy 
consumption for any given conditions may bc^ predie t(‘d. Such methods 
are largely employed by electric railway engineers anci manufacturers 
for preliminary purposes. 

Factors affecting energy consumption. The specific ene rgy consump- 
tion of trains operating at a given schedule sj)oed is influenced by (1) the 
distance between stops, (2) the acceleration, (3) the retardation, (4) the 
maximum speed, (5) the type of train and equipment, (6) the configuration 
of the track. 

Generally, for a given run at a given schedule speed, the specific 
energy consumption will be lower the higher the acceleration and retarda- 
tion, since by these moans a longer coasting period can be obtained. 
However, due consideration must be given to the weight of the equipment 
and the effect of this on the energy consumption of the train. For runs 
of short distances, a low specific energy consumption will gener^Jly 
indicate a low total energy consumption, but for longer distances it does 
not follow that a similar relation holds, since, in the latter case, the 
work done against train resistance is a considerable percentage t>f the 
total energy output from the axles. Table V shows that, in the case of 
long-distance runs, the effect of increased acceleration in reducing the 
specific fnergy consumption is altogether counteracted by the increased 
weight of the train leading to a greater total energy consumption. 

Table V has been calculated for motor-coach trains weighing 200 and 
225 tons operating at various schedules. The 200-ton train is considered 
to operate with an acceleration of 0*5 ml.p.h.p.s., while for the 225-ton • 
train an acceleration of 1*0 ml.p.h.p.8. has been assumed. The braking ^ 



TABLE 



* Assumed. 
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retardation is 1*5 ml.p.h.p.s. in each case. The effective weight for the 
200-ton train has been assumed at 216 tons and at^ 247 tons for the 
225-ton train. The energy output given in the table has been calculated 
(see below) on the basis of a simplified speed-time curve, consisting of 
periods of constant accbloration, constant speed, and constant retardation. 
IJio large percentage of energy wasted in the brakes for the short-distance 
runs should be noted. 

■^he method of calculating the quantities in Table V is best illustrated 
by considering the first run of J mile between stops. The avt'rage speed 
is 20 ml.p.h., and consequently the running time is # 

(0*75 X 3600/20 -)135 sec. 

The acceleration is 1*0 ml.p.h.p.s., and the retardation is 1-5 ml.p.h.p.s. 

Inserting these values in equation (1) wcj, obtain the maximum speed 
a.s 23*4 ml.p.h. 

The time of acceleration is (23*4/1*0 --) 23*4 sec., the time of braking 
is (23*4/1*5 =) 15*6 sec., and the time of free running is 96 sec. The 
distance trawrsed during aciceleration is X 23*473600 =) 0*076 ml., 
and that during free running is (23*4^ X 96/3600 ~) 0*624 ml. 

Assuming the specific train resistance during acceleration and free 
running at 8 lb. per ton, we have: Energy used against train resistance 

^ = 2 X 8 X (0*624 + 0*076) /0*75 — 15 watt-hours per ton mile. 
The energy used in acceleration 

= 0*0283 X 23*4^ X 247/(0*75 x*225) — 22*7 watt-hours per ton 

mile. 

The specific ijnergy ppi^umption (on the assumption of no losses in the 
train equipment) is 15 + 22*7 = 37*7 watt-hours per ton mile, and the 
total energy consumption is 225 x 37*7/1000 = 8*48 kW. hours per train 
mile. I 

Examples, (1) A train service between two stations 1 mile apart, and 
between which there is a uniform gradient of 1 in 80, is sc^liediiled at an 
^average speed (excluding stops) of 25 ml.p.h. in one direction, viz. up the 
gradient, and 27*5 ml.p.h. in the opposite direction. Tlie dead weight of tlie 
train is 210 tons : the mean tractive effort exerted by the motoi*s during 
acceleration is 30,000 lb., and the mean braking effort due to the brakes is. 
47,000 lb. The train resistance may be assumed constant at 12 lb. per ton 
of train weight. 

Calculate the specific energy output and the maximum power developed 
by the motors for runs, in both directions, made to trapezoidal speed-time 
curves. • 

The effectivcf weight of the train may be assumed to bo 10 per cent 
greater than the dead weight. 

From the given data we obtain 
• = 1*1 X 21b = 231 tons. 

G = percentage gradient = 100/80 = 1*26. 

9 Eg = force due to gradient = 22’4WG 

= 22*4 X 210 X 1*25 = 5880 lb. 

Ilence, Acceleration up gradient = (30,000 - 6880)/(102 X 231 

= 1*022 ml.p.h.p.s. 

Acceleration down gradient = (30,000 + 5880 )/( 102 x 231) 

=s 1*622 ml.p.h.p.8. 


*—(5043) 
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Braking retardation up gradient = (47,000 + 5880 )/( 102 X 231) 

= 2*245 ml.p.h.p.s. 

Braking retardation down gradient — (47,000 - 5880 )/( 102 X 231) 

-- 1*745 ml.p.h.p.s. 

Running time, “ up ” journey = 1 X 3600/25 — 144 sec. 

Running time, “ down ” journey= I X 3600/27*5 = 131 sec. 

The maximum speeds, c.alculated from equation (3), are 20*3 ml.p.h. fdr 
the “ up ” journey, and 32-4 ml.p.h. for the “ down ” journey. 

Whence, for the “ up ” journey — « 

Duration of accelerating period = 29*3/1*022 — 28*65 sec. 

■ Duration of braking period = 29*3/2*245 — 13*05 sec. 

Duration of free-running period = 144 - 28*65 - 13*05 = 102*3 sec. 
Distance run during acceleration = J X 29*3 x 28*65/3600 = 0*1 165 ml. 
Distance run during free running — 29*3 X 102*3/3600 = 0*832 ml. 

Distance run during braking = 4 X 29*3 X 13*05/3600 = 0*0531 ml. 
Distance run with power = 0*95 ml. 

Specific energy output for acceleration = 0*0283 X 29*3® X 1*1 

— 26*75 watt-hours per ton mile 

Specific energy output for resistances and gravity = 2(12 -| 22*4 X 1*25)0*95/1*0 

— 76 w^att-hours per ton mi’e 
Specific energy output for “ up journey - 26*75 -j- 76 

= 102*75 watt-hours per ton mile 

The maximum power output (in h.p.) from the motors occurs at the 
end of the accelerating period and is equal to 

30,000 X 29*3 X 5280/(60 X 33,000) = 2345 h.p. 

For the “ down ” journey — 

Duration of accelerating period — 32*4/1*522 = 21*27 sec. 

Duration of braking period ~ 32*4/1*745 = 18*56 sec. 

Duration of free-running period = 131 - 21*27 - 18*56 = 91*17 sec. 
Distance run during accekiriition = 4 X 32*4 X 21*27/3600 = 0*0957 ml. 
Distance run during free running *-= 32*4 X 91*17/3600 0*82 ml. 

Duration run during braking = 4 ^ *^2*4 X 18*56/3000 = 0*0834 ml. 
Distance run with power =0*92 ml. , 

Specific energy output during acceleration = 0*0283 X 32*4® X 1*1 

= 32*7 w^att-hoiUB per ton mile 
Specific energy output during free-running* 

Specific energy output for down ” journey = 32*7 watt-hours per ton mile 
Maximum power output = 30,000 X 32*4 X 5280/(60 X 33,000) = 2590 h.p. 

(2) Referring to example (4), p. 17, if the weight of the train is 200 tons, 
the effective weight 220 tons, and the train resistance during the accelerating 
period is 10 lb. per ton, calculate (1) the specific energy output for the run, 
(2) the energy dissipated in the brakes, (3) the energy utilized during coasting, 
(4) the mean train resistance during coasting. 

• From p. 17, we have 

Speed (Fi) at end of accelerating period = 38 ml.p.h. * 

Sp^ed (Fj) at end of coasting period = 26*88 ml.p.h. 

Distance run during accelerating period = 0*148 ml. 

Hence the specific energi'^ expended again^ train resistance during fhe 
accelerating period is 

2 X 10 X (0*148/1*2) = 2*47 watt-hours per ton-mile, 

and the specific energy expended in acceleration is 

0*0283 X 38® X (220/200)/! *2 = 37*4 watt-hours per ton-mile. 

* As ‘the resultant train resistance is negative (— 12-22*4 x 1*25 » - 16) the 
brakes must be applied during the free -running period to maintain the speed 
constant. • 
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Whence — 

(1) Specific energy output for the run 

= 37*4 + 2-47 = 39-87 watt-hours per ton-mile. 

' (2) The energy dissmated in the brakes is equal to the energy stored in 

the train at the end of the coasting period (i.e. at the speed V^) and is equal to 

• 0-0283 X 20-88* X (220/200)/l*2— 18-72 watt-houra per ton-mile. 

(3) The energy utilized during coasting is, therefore, the difference 
bet^^een items (1) and (2), i.e. 

37-4 - 18-72 = 18-68 watt-hours per ton-mile. 

(4) The mean train resistance during coasting may be calculated either 
from the energy utilized during the coasting period or from the given value 
of the coasting retardation. In the latter case, if is the mean train 
resistance (in lb. per ton of train weight) during coasting, the coasting 
retardation in ml.p.h.p.s., then 

r, = 102/1,(TF,/TF). 
and, since = 0-1, therefore 

= 102 X 0-1 X (220/200) = 11-22 lb. per ton. 

If we wish^to calculate this quantity by the alternative method — utilizing 
equation (11) — ^we require a knowledge of the distance run during coasting. 
Prom p. 17, this distance is given Ss 1-002 ml. Hence, substituting in 
equation (11), we have 

l-99rc X (1-002/1-2) 18-68 

or — 11-22 lb. per ton. 

(3) lleferring to example (1) above, calculate the specific energy output 
when the “ down run is made to a quadrilateral sf)eed-time curve, the 
average speed and other data being the same as in example (1). The train 
resistance during coasting may be assumed to be constant at 151b. per ton 
of train weight. 

From the data on p. 33 we have — 

I Acceleration = 1-522 ml.p.h.p.s. . 

Braking retardation ~ 1 -745 ml.p.h.p.s. 

Coasting retardation = (28 - 15)/102 X 1-1 = - 0-1 16 ml.p.h.p.s. 
oBy substituting in equation (5), p. 15, we obtain 

Vi ~ 24-9 ml.p.h., 

and by substituting in equation (4), we have 

Fg = 39-33 ml.p.h. 

Whence, 

Duration of accelerating period = 24-9/1-522 = 16-35 sec. 

Duration of braking period == 39-33/1-745 = 22-55 sec. 

Duration of coasting period = 131 - 16-35 - 22-55 = 92-1 sec. 

Distance run dufing acceleration “ J X 24-9 x 16-35/3600 = 0-0565 ml. 

Distance run during coasting = |(24-9 + 39-33) x 92-1/3600 = 0-822ml. 

Dist^ce run dm*ing braking = J X 39-33 X 22-55/3000 = 0-123 ml. 

Specific energy output for acceleration = 0-0283 X 24-9* x 1-1 

# ^ • = 19*3 watt-hours per ton mile 

Specific energy output for train resistance = 2 x 12 x 0-050/1-0 

^ =1-35 watt-hours per ton mile 

Specific energy output for “ down ” journey 

= 20-05 watt-hours per ton mile 



CHAPTER IV 

DIRBCT-CUBBBNT TRACTION MOTORS 

General Considerations 

With a knowledge of the dynamical requirements involved in the 
movement of trains and vehicles we can now investigate the dynamical 
•performances of the different types of motors to ascertain their suitability 
for traction purposes. 

Since, with all forms of electric traction, the tractive force at the 
treads of the driving wheels is always proportional to the torque at the 
armature shaft of the motor, the relationship between the speed, torque, 
and current input to the motor are of fundamental importance. 

Torque-current characteristics. The relationship between the torque 
and armature current of any direct-current motor is given by the 
equation 

ST = (p/a)0/2/852 ...... (12) 

or S' — pO . /iV/426 ...... (12a) 

where S is the gross torque (in Ib.-ft.), p the number of poles, a the 
number of circuits in the armature winding, ® the flux per pole (in 
megalines), / the current input to the armature, z the number of active 
armature conductors, N (= \zla) the number of turns per armature 
circuit. 

Hence for a given number of poles the torque is proportional to the 
product of flux and armature ampere-turns, or for any given motor the 
torque is proportional to the product of flux and armature current. 

Therefore with a motor in which the flux is constant (e.g. a shunt 
motor supplied at constant voltage) the torque is directly proportional 
to the armature current. But if the voltage at the terminals of the shunt, 
winding decreases, due to voltage drop in the line wires supplying the 
motor, the proportionality between torque and armature current will, 
for the higher values of the latter, depart from the straight-lino relation- 
ship. 

With a motor in which the flux varies with the armature current 
(e.g. a series motor) the variation of torque will always be greater than 
the corresponding variation of current. Moreover, with such a (scries) 
inotor the torque corresponding to a given current will be unaffected by 
variations in the line voltage. 

Jn Fig. 8 are given calculated torque armature-current curves for 
shunt and scries motors in which the armature windings and magnetic 
circuits are assumed to be identical and the effects of armature reactipn 
are ignored. These curves are calculated from equation (12), together 
with data of the armature winding and the magnetization curye. 

The effect of voltage variation at the terminals of the shunt winding 
upon the torque is indicated by the curves ITa, IIb, which correspond to 
voltages of 80 per cent and 60 per cent of normal, respectively, curve II 
corresponding to normal voltage. 

Th6 variation of torque with current is shown better in Fig. 9. in 

36 
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which the specific torque (i.e. torque per ampere of armature current) is 
plotted against armature current. Incidentally, these curves show also 
the variation of fiux with armature current, since — from equation (12a) — 

S^//=-(piSr/426)<& (126) 

^ The curves of Figs. 8 and 9 show also the starting performances of 
shunt and series motors. 

^From a study of these curves we conclude that when a large torque 
is required the current input to a series motor will bo lower than that to 
a corresponding shunt motor, even when the latter is operated under the 
most favourable conditions, viz., constant voltage. In traction systems, 



Armature Amperes Armature Amperes 

Fros. 8, 9. — Torqiio Curves for Direct -Current Series (I) and Shunt (TI) 

Motors. 

however, the line voltage is subject to large fluctuations, and the con- 
ditions at starting may result in the voltage at the car being appreciably 
below normal. Hence under these conditions the difitTcnce between the 
armature currents for a given torque will become greater as the lino 
voltage is reduced below normal. Of course, by highly saturating tjje 
magnetic circuit of the shunt motor, the effect of voltage variation upon 
the torque will be smaller, but this procedure would be impracticable 
with traction motors owing to the restricted space available for the^eld 
winding. 

* Speed-current and speed-torque characteristics. The equation for the 
speed of a direct-current motor is obtained from the fundamental equation 
for the BfM.F. generated in the armature, i.e. 
n V 

^ ^ X 

oO a 

6000 {V-Ir) 300<(M Fj- Ir) 
z4>pla pN^ 


whence 


n 


(13) 
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where n is the speed in revolutions per minute, V the voltage at the 
terminals of the motor, r the resistance of the main circuit (including the 
series held winding, if any), and /, p, a, 2 , O have the same significance 
as previously. For a given motor the speed is, theiy3fore, proportional to 
the ratio ( V - Ir)l^, i.e. counter-E.M.F./flux. 

Hence if the line voltage is constant and the effects of armature 
reaction are ignored, the speed-current and spccd-torque characteristic 
fi)r a shunt motor can be calculated quite easily from equations (12), (*13). 
But with a series motor a knowledge of the magnetic characteristic or 
saturation cxirvi) is necessary, together with data of the armature and 



Fias. 10 11 . — S])ood -Current and Sfwed-Torquc Curves for Stuies (T) 
and Shunt (11) Motors. 


field windings, before thestj charaet(*ristics can bo pre-determined. If, 
however, the t<)r(jut?-current curve is available the sptHid-eurrent curve 
can be readily obtained, as, by combining equations (126) and (13), we 
have 


3000 (V-Ir) 
” “ 42(i ?// 


= 7-05 


( V " Ir) 
cT// 


(13a) 


With the speed-current and torqm^-current curves available, the speed- 
tbrque characteristic can be dc;tiTmined quite easily. 


In Fig. 10 arc given the calculated specsd-current curves at supply 
volttiges of 100 per cent, 80 per cent, and 60 per cent normal voltage 
for the shunt and series motors previously considered. From these curves 
and the torque-current curves of Fig. 8 we obtain the speed-torqt»e 
curves of Fig. 11, which represent the dynamical performances of the 
motors. * 


Examples. ( I ) The relationship between the current and torque of a series 
motor — determined by a static test — is as follows — 

Current (amp.) . 10 20 30 40 50 60 70 80 

• • Torque (Ib.-ft.) . 33 95 170 258 346 450 e665 670 
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Deduce t he speed curve of the motor when supplied at a constant voltage 
of 500 volts, having given : resistance of main circuit of motor = 0-5 ohm. 
The calculation is best effected in tabular form, employing equation (13a), 


i.e. n - 7-05(F-/r)/(Sf//). 

10 

20 

30 

40 

50 

60 

70 

80 

m 

33 

4-75 

5-66 

6-45 

6-02 

7-6 

8-07 

8-37 

fr 

5 

10 

15 

20 

25 

30 

35 

40 

V-lr .... 

495 

490 

485 

480 

475 

470 

465 

460 

1 

150 

103-2 

85-7 

74-4 

68-6 

62-7 

67-6 

55 

n - 7-05 (V-Ir)l(^ll) 

1057 

728 

604 

524 

483 

422 

406 

388 


(2) The magnetization curve of a 4-pole H(»rit\s traction motor — dete^j- 
mined by separately exciting the fi(4d winding, and connecting a voltmeter 
across the brushes and driving the armature at a constant speed of 500 r.p.m. 
— is as follows — 

Field amperes . . . 50 100 150 200 250 300 360 

ArinatiiFo volts . . . 240 380 440 488 522 560 670 

Determine the speed-torque curve for this motor when operating at a 
constant voltage of (iOO, liaving giv(‘n that the armatiin^ has a two-circuit 
winding with 07 turns per circuit, tiie resistance of the armature winding 
and brushes ft O-Oti ohm, and t he resistanc(i of the field windings is 0-05 ohm. 

Tlie, relationship betwet'ii the flux p^r pole and c‘xciting current is obtained 
from the no-load magm'tizat ion curve by the application of the fundamental 
E.M.F. e(]uation : E -- (p/a) z <1> n X 10"^, or E — 2p N <J> n X 10'-, In the 
present case p == 4, N — 07, n — 500/00 --- 8*33, so that 


<1> = E X 10V(S X 97 X 8-33) 0-01540j&; 


Whence — 

P^ield amperes 

50 

foo 

150 

200 

260 

300 

350 

Armalun^ volts 

240 

380 

446 

488 

522 

560 

676 

P'lux ix»r i)olo (mogaliiK's) 

. 3-71 

.5-88 

6-9 

7-55 

807 

8*6 

8-9 


The speed can now be calculated by the application of equation (13), i.c. 
n r.p.m. - 3000(^ - //f)/(pAr<I>) 7*74 (000 - 0 1 l/)/<I) 

and the t|)rquo can be determined by the application of equation (12«), i.e. 
S’ =.= p(r>/iV/420 == O-Ol /, being expnjsscid in inegalines in both cases. 
The calculations are given in tabular form — 

Amperes input (/) ... 50 100 150 200 260 300 360 

Tntomal K.M.F.(-- 000-0117) . 594-5 589 583-5 578 672 5 667 661-6 

Speed- -r.p.m. [-- 7-74 (600-0 1 D/OJ 1240 775 664 692 549 516 488 

Torque— lb. -ft. (- O-OKbi) . . 169 536 942 1376 1837 2320 2836 

Comparison of dynamical performances of shunt and series motors. 

Comparing the dynamical performances of each type of motor with the 
dynamical requirements of tramway and suburban railway services, we 
observe that the characteristics of the series motor arc better suited #o 
these conditions than those of the shunt motor. Thus (1) the series motor 
is capable of exerting a large torque at starting, w hich, for a given current, 
is independent of fluctuations of the line voltage ; (2) this motor possesses 
a high free-running speedy (3) the speed automatically decreases when 
the torque increases, thereby protecting the motor against excessive 
overloading. This self -protective property is of immense value in practice, 
and is shown by the torque-output curves of Fig. 12, which have been 
deduced from the speed-torque curves of Fig. 11. 

Speed-output curves are also given in Fig. 12. These curves show 
that if large outputs at high speeds — such as would be necessary for 
express passenger service on main-line railways — are required from series 
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m3 tors having characteristics similar to those in Fig. 11, the output at 
lo»v speeds will be excessive, and the resulting tractive effort may cause 
unduly large stresses in the rolling stock. In these cases the low speeds 
must be obtained either by decreasing the voltage at the terminals of the 
motors or by increasing the number of turns in the field winding (tapped- 
field control). Both methods arc discussed in detail later. 

Electrical operation of series and shunt motors under traction sei^ce 
conditions* Wo will now compare the electrical operation of series and 
^huiit motors under conditions likely to occur in actual service. Confining 

our attention to tramway and subur- 
ban railway services — ^which require 
the use of passenger cars equipped 
with two or four motors per car — 
the first item of importance is the 
manner in which the division of 
load between the several motors is 
affected by (a) differences in the 
diameters of the driving wheels, 
such as would be caused in practice 
by unequal wear of the tyros ; (6) 
differences in the speed curves of 
the motors, such as would occur 
with slight inequalities in the air 
gaps of the motors, or slight in- 
equalities in the magnetic charac- 
teristics of the materials employed. 

In general, these conditions 
have an adverse effect upon the 
operation of shunt mqtors but 
have very little effect upon the 
Fio. 12.— Output Characteristics of oj)eration of series motors, the 

Scries (I) and Shunt (IT) Motors. imjquality of the division of load ' 

being greater for motors possessing 
“flat” speed-torque characteristics than for machines having “ steep ” 
speed-torque characteristics. 

The comparison is best shown quantitatively. 

I. Series motors, parallel operation, unequal wheel diameters. Con- 
sider a car to be equipped with two motors each having a speed curve 
i(^,entical with curve I, Fig. 13. Let one motor (A) drive wheels 30 in. in 
diamct<5r, and let the other motor (B) drive wheels 29|jn. in diameter. 
Then for a given spe(id of the car the speed of armature B will be 
(30/29*5 =) 1*017 times that of armature A, Hence when the motors are 
connected in parallel the current input to each will be obtained from 
points on the speed curve corresponding to t'hese speeds. For example, 
if for a given speed of the car the speed of A is 390 r.p.m., the speed of 
B will be (1*017 X 390 — ) 397 r.p.m. Whence, from Fig. 13, the current 
inputs are 41*5 A and 39*5 A respectively. The division of the load 
between the motors is, therefore, affected only slightly by the inequalities 
in the wheel diameters. 

Uv Series motors, series operation, unequal wheel diameters. The 
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current in each motor is now the same, but the terminal voltages are 
unequal. In these circumstances the results are best obtained analytically. 
Thus, if V is the line voltage, the terminal voltages of the motors 

B respectively, the speeds of these motors, r the resistance of 

each, and I the current input, then, from equation (13), we have 

• nJn^=-(V^-Ir)j(V^-Ir), 

and T"* + V'b = 

Solving these equations, wc obtain 

A 1 + njn^ 1 -I- njn^ 

_ {r__ 

B ' 1 + njn^ + 1 + njn\ 


If is the speed corresponding to a current / and normal voltag(5 
F, then 

• n^--<{V^-Ir)l{V-Ir) 

Example, If njrij^ == 1/1-017 as above, V = 500, Ir 45, 71^' -= 390, 


_ 500 - 45 , 45 

- 1 -P 1.017 + r + 1/1'617 ■ 


„ 500 - 45 , 45 

~ I + 1/1-017 U-f 1-017 ~ 

Wa = 390(248-2 - 45)/(500 - 45) = 171-2 r.p.m. 

71^ == l-017nA = 177*2 r.p.rn. 

II. Shunt motors, parallel operation, unequal wheel diameters. If the 

car werc^equipped with two motors having speed curves identical with 
curve IF, Fig. 13, the current inputs corresponding to 390 r.p.m. and 
397 r.p.m. are 41*5 A. and 24-2 A., respectively. In this case the motors 
are loaded very unequally, 

11a. Shunt motors, series operation, unequal wheel diameters. When 
the armatures are connected in scries and each motor is normally excited, 
the load is almost equally divided. Thus, applying the equations obtained 
for the series-connected series motors, but taking Ir == 30 volts instead 
of 45 volts, wo have 

500 - 30 30 ^ ^ , 

" 1 + 1-017 + 1 -I 1/1-017 “ • 

„ 600-30 30 „ , „ , 

■ 1 + 1/1-017 + 1 )- 1-017 “ 251-8 volts 

Input to arnfature A = 41*5 x 248-2 = 10,290 watts 
Input to armature B = 41*5 x 251*8 --= 10,450 watts 
fij, = 390 (248*2 - 30)/(500 - 30) - 181 r.p.m. 

= 1*017 X 181 = 184*2 r.p.m. 


III. Compound motors, parallel operation, unequal wheel diameters. 

With motors having speed curves identical with curve III, Fig. 13, the 
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current inputs corresponding to armature speeds of 390 r.p.m. and 
397 r.p.m. are 41-5 A. and 35-8 A. respectively. 

IV. Parallel operation, equal wheel diameters, dissimilar speed curves. 
Assuming a 2\ per cent difference at normal speed (390 r.p.m.), the current 
inputs to the motors are obtained from the points on the appropriate 
speed curves which correspond to the actual armature speeds. Fol' 
example, with series motors having speed curves represented by curves 
Ia, 1b, Fig. 13, the currents cornjsponding to equal armature speedc of 
390 r.p.m. are 41-5 A. and 44*5 A. respectively. With shunt motors 




Fio. 13. — Tllustrating effects of (a) Differences in Diameters of Driving Wheels, 
(h) Differences in Speed Curves,, on Current Input to Two Motors, of various 
Types, connected in Parallel. 


under similar conditions (curves 11a, ITb, Fig. 13) the armature currents 
are 41*5 A. and 72 A. rcispectively. 

Summarizing the results for parallel operation, wo have r 


Type of 

Reference to 
Speed Curvtis. 
Kig. (13) 

Diameter of 
Driving Wheols 
(in.) 

Speed of 
Armatures 
(r.p.m.) 

Current Input 
(Amperes) 

Motor 

Motor 

Motor 

Motor 

Motor 

Motor 

Motor 

Motor 

Motor 


A. 

B. 

A. 

B. 

A. 

B. 

A 

B. 

^Series . 

Ia 

Ia 

30 

29-5 

390 

397 

41-5 

39*5 

Series . 

Ta 

In 

30 

29-5 

390 

397 

41-5 

42*3 

Series . 

L\ 

In 

20*5 

30 

397 

390 

39*6 

44*5 

Shunt . 

IlA 

IlA 

30 

29-5 

390 

397 

41-6 

24-2 

Shfint . 

llA 

llH 

30 

29-5 

390 

397 

41-5 

60 

Shunt . 

IlA 

IlB 

29-5 

30 

397 

390 

24-2 

72 

Compound 

IIIa 

II I A 

30 

295 

:190 

397 

41-5 

36- 8b 

Compound 

IIlA 

lllB 

30 

29-5 

390 

397 

41-5 

44 

Compound 

IllA 

IllB 

29-6 

30 

397 

390 

35-8 

4/ 

49*5 


It is apparent, therefore, that if shunt motors were adopted for 
electric traction the permissible deviation from the standard speed- 
curve ^ould have to be considerably smaller than that *:hown in Fig. 13, 
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which is equivalent to 2*5 per cent of normal speed (300 r.p.m.). 
Moreover, all the driving wheels of a car or a train would require 
frequent gauging, as only slight diflerenees in the diameters would be 
permissible. 

• 

Other important items which require consideration in comparing the 
Vlectrical performances of series and shunt motors are pressure rises and 
temporary interruptions in the supply. Tlie former may occur on low< 
voltage railways when a heavy current, duo to a short circuit on the 
track, is cleared by the opening of the substation circuit breakers, and 
temporary interrupticjiis in the supply to the motors occur when cross- 
overs and section-insulators are crossed with thc^ (iontroller “ on.” These 
operating conditions are peculiar to traction service and therefore require 
spcci al consideration . 

Pressure rises, wiu'ii a motor is subj(‘el('d to a sudden pressure-rise 
the initial value of the current-rush is cleliTinined by the impedance of 
the motor circuit, and tlu^ duration of this curnMit-rush (U;pends upon 
the rate af which the counter-E.M.K. of the motor is built up. The 
current-rush will, thenjfon*, have^a Iowct initial value, and will be of 
shorter duration, in seric's motors than in compound or shunt motors. 

Temporary interruption o! supply. When the supply is briefly inter- 
rupted and restored at full voltage, tlu'n^ is a characteristic difference 
between the operation of series and shunt motors. With a shunt motor 
the countcr-E.M.F. is maintained — at t^j^creasing value—during the inter- 
ruption, but with a series motor the counter-E.JVl..F. ceases when the 
interruption occurs. Upon the restoration of the supply voltage, the 
shunt machine will have a certain counter-E.M.E., and the initial value 
of the current-rush will be determined by tlu^ resultant E.M.F. and the 
impedance of the armature circuit. With the series motor, however, the 
initial Airrent-rush will depend entii*ely on the impedance of th(i motor 
circuit. 

Commutation of current-rush. The large) cairrent due to a current- 
rush has to be commutated under unfavourable conditions, as, even if 
the machine is fitted with commutating poles, the commutating flux 
cannot follow instantaneously the rapid changes in the armature current. 
Therefore sparking is liable to occur at the brushes, but the operation of 
the motor may be considered as satisfactory provided that this sparking 
does not produce a flash-over (which is caused by an arc, formed between 
brush and segment, being drawn out across the commutator until it 
extends either from brush to brush or from a high -potential brusK to 
the earthed frame in the vicinity of the commutator, thereby causing 
practically a short-circuit- across the brushes). 

To produce a flash-over, sufficient voltage must exist between adjacent 
•commutator segments scf that an arc, once formed between a brush and 
a segment, will be maintained and extended from segment to segment 
as the commutator rotates. 

Under normal operating conditions the voltage between adjacent 
segments around the commutator depends on the flux distribution in 
the air-gap ; the voltage between segments in the vicinity of the brushes 
being ii^uenced largely by armature reaction. 
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With current-rushes, however, E.M.Fs., in addition to the E.M.F. 
generated by rotation, are induced in the armature winding. For instance, 
the variation of current in the armature winding induces therein an 
E.M.F. (of self-induction), the magnitude of which, at any instant, is 
proportional to the rate of change of the flux produced by the armature 
current. Due to the lamination of the main-pole faces, the E.M.F. induced 
in the coils under the main poles will have a higher value than that' 
induced in the coils in the neutral zone. Moreover, with an increasing 
current, the direction of the induced E.M.F. is the same as that of the 
E.M.F. generated in the armature by its rotation in the main flux. 

• Again, in the case of a series motor, another E.M.F. (which may be 
called the transformer E.M.F.) is induced in the armature winding duo 
to the rate of change of the main flux.* This E.M.F. attains its maximum 
value in the coils occupying the neutral zone — since the magnetic axis 
of the coils coincides with that of the inducing field — and is zero in the 
coils at right angles (magnetically) to this position, the sum of the E.M.Fs. 
induced in the coils of each circuit of the armature winding being zero. 
Hence this variation of the main flux affects the distribution of potential 
around the commutator, but does not affect the E.M.F. between the 
brushes. With an increasing current the direction of the transformer 
E.M.F. induced in the coils under the leading pole-tips is the same as 
that of the E.M.Fs. due to rotation and self-induction. Under those 
conditions the distribution of potential around the commutator may be 
such that relatively high voltages occur between segments in the vicinity 
of the brushes. 

Generally the current-rushes dlue to pressure-rises are not so severe 
upon commutation as those duo to the restoration of full voltage following 
a brief interruption. 

The series motor, as designed for traction service, even without 
auxiliary commutating devices, is able to withstand sudden pressure- 
rises of a largo amount (perhaps 00 to 70 per cent, or more, above! normal 
voltage), which, if applied to a shunt motor, designed without com- 
pensating windings, would certainly produce flash-overs ; the motor 
will also operate satisfactorily with interruptions in the supply circuit 
such as occur in service, and in order to produce a flash-over under 
these conditions a voltage of from 50 to 80 per cent above normal is 
required. Of course, with a rough commutator or weak brush pressure, in 
combination with vibration, flash-overs may be produced with lower 
voltages, especially when the machine is running at high speeds. 

Thus, from electrical as well as dynamical considerations, the series 
motor is, for tramway and suburban railway service, superior to both 
the shunt motor and the compound motor. 

Special features in the electrical design of traction motors. For a 

series motor, without auxiliary commutating devices, to withstand^ 
pressure-rises and circuit interruptions without flashing-over it must be 
designed with — (1) a relatively “ strong ” field and a “ weak ” armature 
(i.e. the field ampere-turns at rated loi^ must be much greater than the 

* A similar E.M.F., due to transformer action, is present in single-phase com- 
mutator motors, see p. 89. 
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armature ampere-turns) (2) a liberal number of commutator segments ; 
(3) a large neutral zone. In addition, solid spool bodies and short-circuited 
turns in the field spools must be eliminated, so that the growth of the 
flux may not be retarded by eddy-currents induced in those parts. These 
features must also ba present, though not to the same degree, in com- 
mutating-polo machines, as if an attempt is made to utilize the full advan- 
tages of the commutating poles (o.g. by adopting a “ strong ” armature, 
a “ weak ” field, and a high average voltage per segment) the result will 
be a motor sensitive to pressure-rises and circuit interruptions. 

The introduction of commutating poles into traction motors, how- 
ever, enables a lower ratio of field ampere-turns to armature ampere-turne 
to be adopted than is possible with non-commutating-polo designs, and, 
as a consequence, the commutating-pole motor can bo built with a lower 
flux and a higher speed than its predecessor. The lower flux densities 
result in lower core losses, which lead to im])rovcd efficiency, heating, and 
service capacity. 

Other important advantages of commutating-pole traction motors are — 

(1) Sparking at the brushes is practically eliminated at all loads and 
speeds, thereby enabling a non-abnisivo brush, of low contact resistance, 
to bo used on grooved commutators Under these conditions the wear of 
the commutator and brushes is considerably less than that with non- 
commutating-polo motors, while the losses at the commutator are lower, 
thereby enabling a slight reduction to bo made in the length of the 
segments. 

(2) A range of economical running ijpecds is possible by “ tap-field ” 
or “ shuntod-field ” control, by means of which different field strengths 
can be obtained for a given armature current. This method of control 
not only results in a lower energy consumption for a given service, but 
also increases the flexibility of the eq ui prnen t . For instance, cars equipped 
for tap-field eontrol can be operated economically on services differing 
considerably in schedule without any change in the equipment. 

(3) Since perfect commutation is obtained, the average voltage 
between commutator segments may be higher than that in machines 
of the non-commutating-pole type, and, in consequence, the motors can 
be built for higher voltages. In fact, the development of high-voltage 
direct current traction has only been made possible by the commutating- 
pole traction motor. 

(4) The tendency to flash-over is much less in a commutating-polo 

motor of good design than in a non-commutating-pole motor, owing 
normally to the low voltages between the segments in the vicinity of the 
brushes. • 

Therefore the commutation of current-rushes will be better than in 
non-commutating-polo machines. Generally the flash-over voltage of a 
commutating-pole motor will bo from 25 to 30 per cent greate? than 
•that of a non-commutatftig-pole motor. 

Other important electrical features which require consideration are 
the armature winding, the number of poles, and the number of brush sets. 

* In non-commutating-pole traction motors the field ampero-tums at the 
rated load are from one to three times greater than the armature ampere-tums, 
whereas, in stationary motors, values between 1*5 to 1*75 are usually adopted. 
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Armature winding. A two-circuit (wave) armature winding is em- 
ployed universally for tramway and railway motors when the output 
does not exceed 500 h.p. For larger outputs a multiple-circuit lap 
winding with equalizing connections is necessary. 

The properties of the two-circuit winding which render it especially 
suitable for traction motors arc (1) the two circuits of the winding ar^ 
always electrically balanced, even when the magnetic circuits are unbal- 
anced duo to un(‘qual air gaps ; (2) no equalizing circuits are required ; 
(3) multipolar machines can bo operated with only two sets of brushes. 

The two-circuit winding, however, possesses certain peculiarities with 
fospect to the number of commutator segments and slots. Thus for a 
symmetrical winding the number of coil sides per slot cannot be a multiple 
of the number of poles ; with four poles the number of commutator 
segments and slots must be odd, but with six poles the number of 
commutator scgrncuits and slots may, und(^r suitable conditions, be 
either odd or even. These j)eculiarities are due to the fundamental 
conditions which govern the appli(iation of wave windings, and arc 
expressed in the equation ^ 

. ; (14) 

where 2C is the number of coil sides, C the number of coils (and also the 
number of commutator segments), p the number of poles, y the average 
winding pitch (i.e. the mean of the front and back winding pitches, 
expressed in coil- sides), and a the number of circuits. 

' With two circuits we have ^ 

O ^-\’py ±l (14a) 

Hence for p =- 4, C -- 2y 1, 

and for p — 6, C — 3y ± 1. 

Therefore, since y can only have integral values (which may be either 
odd or even), C must be odd when p — 4, but may be either odd or even 
when p — 6. (Notk. — For p — 6, C is odd when y is even and vice versa.) 

Again, for a symmetrical winding the ratio GjS (i.e. the number of 
commutator segments per slot, where 8 is the number of slots) must 
always be an integer, and since 8 must be a whole number, therefore, 
when p = 4, CjS cannot ])e a multiple of 4, and when p = 6, CI8 
cannot be a multiple of 3. 

Hence, if, with a four-pole machines, four or eight coil-sides per slot 
are to be employed, all slots cannot be filled with active conductors, and 
orfe or two dead, or dummy, coils must be inserted in certain slots to act 
as fillers. The dissymmetry in the winding will affect the commutation, 
but, except in cases where the number of slots per pole is small, quite 
satisfactory commutation is obtained when the winding contains one dead 
coil. Usually, however, with traction motors’ a small number of slott 
per pole is chosen, and therefore symmetrical windings (without dead 
coils and with three or five coils per slot) are employed. « 

Number of poles. Four poles are employed universally for tramway 
motors and the smaller railway motors for motor-coach trains. In these 
cases the overall diameter of the motor and the diameter of the armature 
core are somewhat severely restricted by the diameter of the driving 
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whools (which, on tramcars, may be from 26 in. to 33 in., and on motor- 
coach trains may be from 36 in. to 43 in.). With the larger axle-mounted 
motois for locomotives the space restrictions (in so far as they affect the 
armature diameter) are usually not so severe as those on tramcars and 
motor-coach trains, ^nd, therefore, a six-pole design may be possible, 
which may be more economical with respcjct to utilization of material 
lhan a four-pole design. The six-pole design is particularly desirable and, 
in fact, necessary for narrow-gauge locomotives on account of the smaller 
proportion of axial length occupied by the commutator and the end 
connections of the armature winding. 

Number of brush sets. With tramway motors and the smaller railway 
motors it is customary to provide only two sets of brushes, and to locate 
them in such a position that the brushes can bo inspected from the car 
floor. With larger locomotive motors the full number of brush sets are 
usually employed, both to shorten the commutator and to obtain better 
commutation than Avould be possible if only two sets of brushes were 
provided. 

Featureif affecting the mechanical design of traction motors. Motors 
for tramway and suburban rail way. services* require mechanical features 
differing considerably from the standard practice with stationary motors. 

Thus (1) the motors are located under the car floor in order to obtain 
a level floor ; (2) the power is transmitted through spur gearing in order 
that the speed of rotation of the armatures may bo higher than that of 
the car axles, thereby enabling a motor of relatively light weight to be 
employed ; (3) the location of the motors under the car necessitates a 
completely protected design and imposes physical limitations upon the 
overall dimensions ; (4) the rotating parts must be capable of with- 
standing the large centrifugal forces corresponding to the maximum speed 
of the car or train. 

TheSe requirements necessitate? the exclusion of cast iron from the 
construction of the? motor, and the use, instead, of cast steel and malleable 
iron. For example, the frame, frame heads, commutator-shell, and 
clamping rings are of cast steel, while the armature end-flanges are of 
either malleable iron or cast steel. 

Constructional Detaiis 

Frames. — ^Two types of frames were formerly in use, viz. (1) the split 
frame, (2) the box or solid frame, but present-day practice is towards 
the standardization of the box frame. Views of typical motors are given 
in Figs. 14, 16, 16. . 

A split-frame is necessary when provision must be made? for inspecting 
and changing the armature or bearings without dismantling the motor 
from the truck. The lower half of the frame is arranged to open«down- 
wards so that the armature can be handled in an inspection pit. But a 
split frame is, for equal strength, heavier and less rigid than a box frame, 
and is ^fflcult to keep oil-tight at the joint near the axle bearings. 

Box frames, owing to their advantages over split frames, are now 
adopted for modern tramway and railway motors. This supercession of 
the split-frame tramway motor has been possible on account of the 

* Motors for locomotives and trolley buses are discussed later (page 79). 
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increased reliability of commutating-pole motors and the introdu^ion 
of improved methods of lubricating the armature bearings. Moreover, 
the extensive use of low-floor cars, requiring small wheels of 26 in. diameter 



Fio. 14. — Split-frame Tramway Motor (English Electric Co.). 

t 

and the demand for light-weight cars, necessitate a box-frame motor 
(i.e. one having a maximum output for a given weight and space). 

The removal of the armature from a box-frame motor necessi- 
tates the removal of the motor from the truck and the use of special 
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tools.* With single-truck cars the motor may be removed without 
removing the truck from the car, but with double-truck cars the removal 
of a motor usually necessitates the removal of the truck from the car. 












riG. 15. — Box-frame Tramway Motors. A, B, B.T.-H. Motor.s ; C\ D, E, Motro- 
politan-Vickors Motors ; F, Welded Sheet Steel Gt^ar Case ; G, Axle Collar. 

• * 

The armatuie bearings are located in frame-heads or liousings 
which, in split-frame motors, are carried in cylindrical scats between 
the two halves of the frame, and in box-frame motors are bolted 
to recesses in the ends of the frame. The bearings are usually of the 

* For description of these tools soe Electric Journal, vol. 13, p. 401 ; vol. 14, 
p 204 ; Oer^eral Electric Review, vol. 18, p, 908 
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babbitted-sleeve typo, but roller bcaringH are now employed extensively 
for tramway motors. 

With slcovo bearings the bearing linings are usually of brass, lined 
with a thin layer of babbit metal of such thickness that, in the event of 
the babbit metal running through overheating, there is no possibility of 
the armature fouling the polo faces. 

The lubrication of slccvc-type bearings is generally on the pad 
principle, using w()ol-waste saturated with oil. Self-oiling rings, however, 
are employed for the larger sizes of railway motors, especially when *the 
armature speed is high. 

Methods of suspension. With a geared motor, the centre-line of 
the armature must be maintained parallel to, and at a fixed distance 
from, the axle of the driving whecds. This is accomplished by supporting 
one side ot the frame on the axle by suitable bearings. The other side of 
the frame is supported from the truck, either by a “ nose ” on the frame 
resting on a bracket attached to the transom of the truck, or by a trans- 
verse bar (bolted to the frame) carried on springs from the side frames 
of the truck. The former method — called nose suspension — ^is adopted 
with railway motors, and the latter method — called “ bar suspension” — 
is usually adopted with tramway motors. 

The arrangement of a bar suspension for a tramway motor is shown 
in Fig. 17. The susptmsion-bar rests upon “ support ’’ springs which are 
carried on each side frame of the truck ; tlu^ bar and springs are main- 
tained in position by two bolts passing through holes in each side frame, 
“ reaction springs being inserted between the head of each bolt and 
the underside of the side frame to restrict the upward movement of the 
bar. This illustration shows also the manner in which the motor is 
maintained in position on the axle when the distance between the wheel 
hubs is greatc'r than the overall length of motor and gcjaring. 

The arrangement of a nose suspension for a railway motor*is shown 
in Fig. 18. The nose, //, on the motor is supported on a bracket, F, 
fixed to the transom, B, and the nose is pn^veritcd from rising by the 
strap, O. Auxiliary noses or safety lugs, K, are usually provided on 
the motor for the purpose of preventing the latter falling on to the 
track in the event of the suspension nos(5 breaking. Under normal con- 
ditions tluisc safety lugs are clear of the transom, but are supported on 
brackets, F, should the normal support fail. With locomotive motors 
the nose is usually spring supported. 

Gearing. The usual method of transmitting power from the motor 
to the axle is through single-reduction spur gearing, tlio gear ratio being 
generally limited to a maximum value of 6^:1. The maximum gear ratio 
is governed by the size of the wheels, distance between centres of axle and 
armature, and the smallest permissible size of opinion. The consideratioies 
involved in the selection of a suitabb^ gear ratio for a given equipment 
and service are discussed in Chapter XIX. Generally, for a given motor 
and size of wheel a higher gear ratio will bo required for city service 
than for suburban service. 

A single set of gearing is adopted for motors up to about 300 h.p., 
but, where larger motors are used on electric locomotives it is necessary 





Fig. 16. — Typical Self -ventilated Railway Motors for Motor-coaoh Service. 

A, a.E.C. motor fitted with axle Kuard and supports for central collector shoo; B, English- 
Electric motor (for narrow gauge) lifted with roller bearings and helical gearing ; C, B.T.-H. motor. 

Note. — Motors A, C have oil-pad lubrication for the armature bearings, hooded inlets (at com- 
mutator end) for the cooling air, and screened outlet openings. Motor B has screened inlet and outlet 
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to adopt twin gears in order to obtain uniform pressure on the gear teeth. 
When this method of driving is adopted springs are fitted between the 
rims and hubs of the gear-wheels to equalize the loads on the gear teeth 
at each end. Incidentally, the springs relieve the teeth from shocks duo 
to impacts, between wheels and rails, caused by irregularities in the track. 

The pinion is usually of alloy-steel, heat treated, and is fitted to a 
taper on the armature shaft. The width of face varies from in. to* 
7^ in., and the tooth pitch varies from 3| to If (diametrical). 

The material of the pinion (as well as that of the armature shAft) 
and the form of tooth have to be given very careful consideration when 
sTnall driving wheels arc employed and relatively largo outputs are 
required (e.g. 26 in. driving wheels and 50 h.p. output). For these cases 
a case-hardening nickel-steel is employed, the surface of the teeth being 
hardened (after cutting) to an index of 500-600 on the Brinnel scale. 
The form of tooth is a “ corrected involute having a longer addendum 
than the standard involute form. In consequence the tooth is much 
stronger than an ordinary involute pinion tooth and a larger arc of 
action is obtained, together with less sliding action in the arc of approach. 

The gear-wheel is of forged alloy-steel, heat treated, arfd is pressed 
on to the axle. • 

During recent years the manufacture of gearing for traction service 
has received considerable attention, and, in eonsequonce, gearing of 
high quality and long life is now obtainable. The principal feature in 
the manufacture of modern gearing is the process of heat treatment 
to which the gears and pinionscare subjected in order to obtain teeth 
with a hard surface and a tough centre. With some processes, a surface 
of exceptionally hard tool-steel is obtained, having a thickness of from 
J in. to in. The heat treatment is, of course, given after the machining 
operations have been completed. 

The advantages of heat treatment, in connection with gearing, will 
bo apparent from an examination of Table VI, in which the properties 
of gearing, with and without heat treatment, are compared. 

The gear-case is cither of malleable cast iron or of welded sheet steel, 
and is supported from lugs or brackets on the frame of the motor. 
Examples of both are shown in Figs. 15, 16. 

Armatures. The conditions under which traction motors operate 
demand a thoroughly sound mechanical construction of the armature, 
as well as means for replacing a shaft without disturbing either the 
winding or the commutator. With railway motors it is possible, in a 
number of cases, to adopt a spider construction for the armature core, 
but with thci smaller armatures of tramway motors there may be insuffi- 
cient room for a spider. In this case the armature laminations must be 
assembled on the shaft and hold between end-flanges fixed to the shaft. 
By suitable design, however, it is possible to^remove the shaft without 
disturbing either the core or the commutator. For instance, if the com- 
mutator is fitted to an extension of the front end-flange, and th^ latter is 
provided with a number of tapped holes, opposite to corresponding holes 
in the core and back end-flange, bolts may be inserted through the latter 
(after the oil deflector has been removed) and screwed into the tapped 
holes^ thereby holding the core tight while the shaft is pressed out. 




TABLE VI 

Comparative pROPERriEs of Various Grades of Gearing. 



Qbtainad from treat3d test bars. 
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*Fio. 18. — Arrangement of Nose Siispennion for Railway Motor. 

Note. — The motor is shown in position on tho truck, and a detail of the transom 
is given. (British Thomson -Houston Co.) 

At Side frame of truck ; J7, transom ; C, sprinR-plank (from which the springs supporting the 
bolster are carried) ; D, swing-links (for carrying the spring-plank) ; £, brackets for 
supporting safety lugs, K ; Ft bracket for supporting nose, H ; Gt strap ; H, nose ; 

Kt safety Tubs. 
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Modern motors are of the ventilated type, with an axial flow of the 
air, so that it is necessary to provide longilvdiiial ventilating ducts in 
the core, end-flanges, and commutator. The ventilating ducts in the 
core usually consist of a number of holes in order to obtain a large cooling 
surface. With self-ventilated motors the ventilatihg fan is fixed to the 
back end-flange. Typical fans are shown in Fig. 20. • 

The armature winding of tramway motors and the smaller railway 
motors is exclusively of the two-circuit variety, and the coils are located 
in open slots in the punchings. Two or more turns per coil are usually 
necessary for tramway-motor armatures, but single-turn coils are em- 
ployed for low-voltage (600 V.) railway-motor armatures. When one 
or two turns per coil are adopted the conductors consist of copper bar, 
and in those cases the insulation consists principally of mica. To prevent 
slackness in the slots, the slot portion of the coil is formed to the exact 
size of the slot in a steam-heated press and, after winding, temporary 



o-ooi' Mica 


Fig. 19. — Diagram of Double Cross-over in Armature Bar. 

binding bands are applied with fne armature hot, so as to force the coils 
firmly into the slots. These bands arc removed when the armature is cold 
and replaced by permanent binding bands. 

The number ol coils per slot is usually cither three or five, although, 
in some cases, four and six coils per slot are used ; but those numbers, in 
a four-pole machine, require dead coils. When five coils per •slot are 
adopted in large railway motors, the slots become wide, and, at high flux 
densities in the air-gap and armature teeth, eddy-currents may be 
generated in the conductors. Some manufacturers provide against this 
by splitting the slot portion of the conductor and introducing a double 
twist or cross-over, as represented in Fig. 19. 

The end connections of the coils are usually protected from dust and 
oil by hoods or coverings of canvas, which are bound into place after the 
winding has been completed. 

The binding bands are an important item on account of the high 
pofipheral speeds (approaching, in some railway-motor armatures, 8000 ft. 
per min ) and the large centrifugal forces to which the armature winding 
is liable to be subjected. The tinned-steel binding wire is applied under 
considerable tension, and the bands are retained in position by clips of 
tinned copper. The ends of the clips are benUover and sweated to th^ 
binding wires, which are also sweated to form a continuous band. Usually 
the clips are inserted at intervals and the ends envelop only^the end 
portions of the binding bands, as shown at u4. Fig. 20. Some manufac- 
turers, however, employ continuous clips with serrated ends, which, 
when bent over, envelop the whole of the band of binding wire, as shown 
at jP, Fig. 20. 

^rpipal armatures for tramway, motor-coach, and locqpiotive services 
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are shown in Fig. 20. Armatures C and D are for large, forced, ventilated, 
1500- volt motors, and are fitted with fans for the purpose of ensuring an 
effieient circulation of air through the armature eoro. Armature D is of 
interest as it has a lap winding and bakelite slot wedges, so that no 
binding bands have to be plaeed over the eore. 

• 

Commutator and brush-gear* The eommutator for a tramway motor 
is ^milar in construction to that for a stationary motor, i.e. the back 
V-ring is solid with the shell, and the front V-ring is hold in position by 
a recessed ring nut (see Fig. 24). With railway motors, however, the 
commutator must bo designed to accommodate the internal projecting 
portion of the frame-head carrying the commutator-end armature 
bearing, and special precautions must be taken to prevent oil reaching 
the interior. The shell and front V-ring arc therefore combined, while 
the back V-ring is held in position by bolts, as shown in Fig. 29. The 
mica between the segments is recessed to a depth of in. to eliminate 
commutation troubles due to “ high mica.” 

The brush-holders are fixed to mica-insulated supports which are 
bolted to machined seats on the frame. The brush -holders are arranged 
for radial adjustment and also mcar^s for adjusting the brush pressure. 

Illustrations of modern brush-gear arc given in Fig. 21. The brush-box 
is fitted with an enclosing cover to prevent ingress of road grit (which may 
bo drawn into the motor with the ventilating air) to the brush-box, 
thereby avoiding the possibility of side wear of the brushes. 

The brush pressure required for a traction motor is greater than that 
necessary for stationary motors, on account of the increased vibration. 
For motors operating at low speeds, over good track, a brush pressure 
of from 2 to 31b. per sq. in. is satisfactory, but for high speeds the 
pressure must be increased to about 5 lb. per sq. in. 

• 

Poles and field coils. The main poles are built of soft steel lamina- 
tions ; the commutating poles are solid steel forgings. 

The field coils for the main and commutating poles are former wound, 
the conductor consisting either of rectangular wire, insulated with asbestos 
and cotton coverings, or of flat copper strip insulated between turns with 
asbestos tape. The coils are generally “ mummified ” — that is, impreg- 
nated with a bitumen compound — ^to obtain a coil of good thermal 
characteristics, combined with non-hygroscopic properties. 

With motors for tap-field control each coil of the main-field winding 
must be wound in sections, two sections being necessary when two speeds 
— corresponding to a given armature current and voltage — are required, 
and three sections when three speeds are required. The corresponding 
sections of each coil are connected to form a series-group, and the> two, 
or more, groups are connected in series, tappings being brought out from 
the junctions of the groups. The armature and commutating coils are 
connected to form a separate series-group in order that the direction of 
rotation tnay be controlled. Thus, a two-speed box-frame motor will have 
five terminal leads (viz. one armature lead, one commutating-field lead, 
and three main-field leads). 

A diagram of the internal connections of a two-speed motor is given 
in Fig. 22. 
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The general arrangement of the poles, field coils, connections, and 
brush-gear of modern tramway and railway motors is shown in the 
interior views of Figs. 14, 31, and the longitudinal and cross-section 
drawings of Figs. 23, 24, 28, 29. , 

Ventilation. The modern commutating-pole traction motor requiit)s 
artificial cooling in order to obtain the full advantages of the commutating- 
pole design, as with natural cooling the rating of the motor wouM be 
considerably below that which would be possible from the commutation 
^itandpoint. The ventilation may bo effected cither by means of a fan, 
fixed to the back of the armature, in conjunction with longitudinal ven- 
tilating ducts and suitable openings in the frame — such a machine 
being known as a selt-ventilated motor — or by means of an external 



Fia. 21. — Motropolitun-Vickors Enolost^cl Brusli-goar for 
Tramway Motor. 

blower in conjunction with suitable air ducts and openings in the frame 
of the motor — such a machine being known as a forced-ventilated motor. 
The latter system of ventilation is used principally with motors for 
locomotive service as, in this case, all motors on the locomotive may be 
ventilated by means of a single blowcT, which can deliver a large quantity 
of air at the required pressure. 

• The advantages of forced ventilation are — (1) the quantity of air may 
be adjusted, if desired, within limits ; (2) the supjdy of air to the motors 
is not affected by the speed of the latter, so that efficient cooling takes 
placb during the whole period that the motors arc in service ; (3) a blower 
is more efficient for ventilating purposes than fan fixed to the armature 
shaft, especially when a largo quantity of air is required. 

For tramway and motor-coach railway services, howevej*, a self- 
ventilated motor possesses advantages over a forced-ventilated motor, 
as the former is self-contained and the fan adds very little weight to the 
equipment, whereas with forced-ventilated motors an external blower 
with distributing air ducts would be required on each motor-coach. In 
this case the weight of the ventilating equipment, combined with the 
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extra capital and maintenance costs, would entirely outweigh the advan- 
tage in the system of ventilation. 

The air may be circulated through the motor on either the series 
system or the parallel system, the latter being employed in all present-day 
designs of self-ventilated motors. In all cases a sufficiently high air 
velocity must be employed to prevent the deposit of dust in the ven- 
tilating ducts. 

^g. 24 shows the application of the parallel system of ventilation to 
a box-frame tramway motor. The air enters through openings at the 
commutator end of the frame and passes through the motor in two 
parallel paths — one being external to the armature, and the other internal 
to it, via the ventilating ducts — the air from each path being expelled 
through the fan and the open- 
ings in the pinion-end of the 
frame. A baffle plate prevents 
the air being returned by the 
fan to the interior of the 
motor. In the motor shown 
in Fig. 24 a single fan is 
employed, and the fan blades 
extend over the back-end of 
the armature winding. In 
some cases, e.g. in the motor 
illustrated in Fig. 14, a 
double fan of the box type 
is employed. 

The position of the air 
inlet openings should be such 
as to avoid, as far as possible, 
the direct ingress of road grit 
and brake-shoe dust. Road 
grit causes unnecessary wear 
of the brushes, and brake - 
shoe dust not only provides 
a conducting path when de- 
posited upon the surfaces of 
insulators, but is inflammable when ignited by a spark or a flash-over. 
When practicable, therefore, the inlets should be fitted with hoods, 
examples of which are shown in Fig. 16. 

The forced system of ventilation as applied to a largo twin-geared 
locomotive motor is shown in Kgs. 29, 30. The air is supplied to each 
pair of motors through the hollow centre bearing on the truck frame ; it 
enters each motor through a large rectangular opening at the commutator 
end, and is expelled through openings in the frame and back-end frame 
head. The ventilating ducts in the armature core consist of a number 
of tunnels 1 in. in diameter. 
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Fig. 22.— 'Internal Connections of Split Frame, 
(/Oinmutating-polo Tramway Motor arrangeil 
for Tap-fiold Control. Note.- -The inain>fielcl 
coils are wound in two equal sections. 


Rating 

The rating of an electrical machine has usually some connection with 
the nature of the load or duty-cycle on which the machine has to operate, 
e.g. industrial ipotors which run continuously under practically steady 
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loads are rated on a continuous load basis, the rated load being defined 
as the output which the motor will develop continuously with a specified 
temperature rise. But with tramway and suburban railway services the 
duty-cycle consists of irregular cycles of variable output, a typical cycle 
being represented in Fig. 25. The irregularity "of the load-cycle is 
influenced not only by normal and known variables, such as the variable 
distance betwotm stations, gradients, etc., but also by abnormal and 



Fio. 215. — Cross Sort ion of S«‘lf-v<*iitilafiMl Tramway Motor 
(Mot ropolitan-Viokors). 


unknown variables such as extra stops duo to signal checks, adverse 
winds, abnormal train resistance, etc. 

Hence under these circumstanees a rating corresponding to the actual 
dvty-cycle could not be obtained with factory tests. Accordingly, for 
commercial purposes, a nominal or arbitrary rating is adoj)ted for traction 
motors, and is based on the one-hour load (at normal voltage) which will 
produce a temperature rise of 100° C. (by resistance) when the motor 
is tested at the factory on a stand in the mann^ described in Chapter VII. 

This method of rating was introduced in 1902 by the AmericcAi 
Institute of Electrical Engineers,* and was at that time considered to 
represent, for commercial purposes, a fair method of comptiring the 
performances of motors by means of a simple factory test, i.e. motors of 

* See Transactiona, vol. 19, p. 1803. The rules have Ijoon revised and extended 
from time to time, and the section relating to railway apparatus is given in the 
Appendix to this volume. 



Fig. 24. — Longitudinal Section of Self- ventilated Tramway Motor (Parallel Circulation). (Metropolitan -Vickers.) 
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equal one-hour ratings were considered to be capable of operating similar 
services with approximately the same temperature rise. But with modern 
ventilated motors the one-hour rating gives no comparison between the 
service performances of motors. The one-hour test, however, imposes 
testing conditions which are sufficiently severe tb ensure reliability of 
the motors in service, and for this reason it is retained at the present day. 

The temperature rise in service depends principally upon the average 
losses in the motor under service conditions and the rate at which Ijiese 
losses can be dissipated. The former is influenced by the nature of the 
service and the design of the motor ; the latter is influenced principally 
by the ventilation, and, with self-ventilated motors, is a function of the 
armature speed. Usually, for tramway and suburban service conditions, 
the temperature rise after a day’s running is of the order of 65° C. This 
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Fia. 25. -Traction Duty Cyolo (Suburban Railway). 

temperature rise is somewhat greater than that (40° C.) which is cus- 
tomary with industrial motors, as with traction motors space and weight 
restrictions necessitate a service performance as high as temperature 
conditions will permit. But, with the use of class B insulation (i.e. mica 
and asbestos) — for which the limiting hot-spot temperature is 130° C. — 
a temperature rise of 65° C. (by thermometer) under service conditions 
ic well within the safe operating limit for this insulation. 

Effect of ventilation on temperature rise and rating. With any 
eleotrical machine the rate of increase of temperature — due to the heat 
produced by the electrical and mechanical losses — depends upon two 
factors, viz. (1) the rate at which heat is stored in the mass of the machine, 
(2) the rate at which heat is dissipated by radiation, ventilation, etc. The 
temperature becomes constant when the heat produced iu entirely 
dissipated by radiation and ventilation. The ultimate temperature rise 
at a steady load is, therefore, affected by the ventilation, but the tem- 
perature rise at the end of a run of short duration will be influenced 
largely iby the thermal capacity of the machine. 
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Hence the one-hour rating of a traction motor is influenced more by 
the thermal capacity of the motor than by the ventilation, but the 
continuous and service ratings are influenced almost entirely by the 
ventilation, and will depend upon the volume of air which can be passed 
through the motor pef minute. 

« For example, with a self-ventilated motor of the typo illustrated in 
Fig. 14, the continuous output, at normal voltage, corresponding to a 
temperature rise of 75° C., is about 75 per cent of the one-hour rating. 
If, however, the lower outlet openings. Fig. 14, are closed with solid 
covers, instead of perforated covers, the continuous output for the sanfe 
temperature rise is about 65 per cent of the one-hour rating, while if all 
ventilating openings are closed with solid covers so as to convert the 
motor into a true totally enclosed mcacJiine, the continuous output for 
the given conditions will be about 50 per cent of the one-hour rating. 

The volume of air required to dissipate a given loss is easily calculated 
if the effects of radiation, etc., arc ignored. Thus, taking the w^eight of 
1 cub. ft. of air to be 0*076 lb. (or 34*5 graniines), the specific heat as 
0*237, and the caloric to be equivalent to 4*2 watt-seeonds, then the 
energy expended in heating 1 cub. ft. of air 0° C. is 

34*5 X 0*237 X 0 X 4*2 — 34*36 watt seconds. 

Therefore, for a tiunpcirature difference of 20° 0. between inlet and 
outlet, 1000 cub. ft. of air per minute will, theoretically, dissipate 
34*3 X 20 X 1000/(60 X 1000) = ll*4kW. 

The practical limit to the volume of ftir which can bo i)asscd through 
a motor for cooling purposes is reached when the velocity of the air 
through th(^ ventilating ducts is so high that the pressure required 
becomes excessive. 

Effect, of operating voltage on the rating. Motors for i)})erating on 
high-voltage circuits reejuire larger leakage surfaces at the commutator 
and brush-gear in addition to extra insulation on the armature and field 
^ coils. Due to the additional insulation on the coils, and the small size 
of conductor, the space-factors of the armature and field coils of a high- 
voltage motor will be lower than those of a similar armature and frame 
wound for a low voltage, e.g. 600 volts. Thus the rating of a given 
frame for a 600- volt motor will have to be reduced w'hen it is w^ound 
for higher voltages. Generally a 10 per cent to a 15 per cent reduction 
in the 600-volt rating is necessary when the same frame is wound for 
operating directly on 1200- volt circuits. ^ 

In many, cases, however, two 750- volt motors are operated in series 
on 1500-volt circuits, each motor being insulated for 1500 volts, an^ by 
the use of high-grade insulation the rating of these motors can bo made 
equal to that of standard Igw- voltage motors of similar dimensions. 

• Generally, for direct operation on high-voltage circuits, a new design 
of motor is desirable, in which the armature and commutator have larger 
diameters Ibhan those for a low-voltage motor of similar output. 

Effect of wheel diameter and gauge on rating. With an axle-mounted 
motor, the size of motor, and therefore the rating, is limited by (1) the 
diameter of the driving wheels, (2) the gauge of the track rails. For a 

3— (5043) 
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given diameter of wheel the maximum vertical dimension of the motor 
is fixed by (a) the clearance between the bottom of the motor and the 
track, (6) the clearance between the top of the motor and the underside 
of the car floor. In deciding upon the minimum clearance between the 
bottom of tho motor and the track, due allowaiice must be made for 
wear of the wheel tyres, as otherwise, with a large motor, the full we^r 
may not be obtained from tho tyres. 

The wheel diameter is not usually a limiting feature on surface railways 
in this country (on which tho standard wheel for motor-coach trains has 
ac diameter of about 42 in.), but becomes a serious limitation on tube 
railways and on those railways abroad where the standard wheel diameter 
is 33 in. On tho London tube railways tho difficulty has been overcome 
by tho use of 36 in. wheels on the motor trucks, together with a stopped 
floor above those trucks, tho wheels on tho other trucks being 26 in. 

The gauge of the track rails has also a considerable effect on the 
rating of a mot or for a given diameter of driving wheel, and narrow gauges 
restrict very considerably the f)utput, espiscially when the wheel diameter 
cannot bo increased to allow th(5 use of a six-pole design. 

Whcni tho whole distance between tho wheel hubs is occupied by the 
motor and gearing, it is possible, with countersunk or roller armature 
bearings, and single gearing, to utilize about 75 per cent of this distance 
for the armature and commutator, the remaining 25 i)or cent being 
occupied by the gear, gear-case, and frame-heads. 

Notk. — An itifltrufjtivo paper, by J3r. F. W. Carter, dealing with the rating 
of traction motors is published iii tho Journal of the Institution of Electrical 
Engineers , vol. 65, p. 964. 


Characteristic Curves 

In Figs. 26, 26a are given characteristic curves of typical tramway 
and railway motors, showing tho efficiency, speed, and tractive effort for 
a given gear ratio and diameter of driving wheels. These curves have 
been plotted in accordance with tho standard method adopted for traction 
motors, and the manner in which tho various quantities are determined 
and calculated is considered in detail in Chapter VII. 

Locomotive Motors 

Tho constructional features of motors for electric locomotives are 
subject to more variation than those of motors for tramway and suburban 
railway stu’vico on account of tho more varied operation of the electric 
locomotive. As electric locomotive operation is discussed in a later 
chapter, wo shall for the present consider only the features which are 
peculiar to the locomotive motor and which differ from those common to 
the- motor for motor-coach and tramcar service. 

Except in tho case of light locomotives, for which the standard geared 
motor, as used on motor-coach trains, is Suitable, the motors are<,of 
larger output than those previously discussed, and in consequence modi- 
fications are necessary in tho methods of transmitting tho pewor to the 
driving axle and of mounting the motors. Moreover, tho service conditions 
usually involve relatively long running periods, and therefore the motors 
must be selected on a continuous-rating basis. Again, owing to the 
facility, with which forced ventilation can be applied to the motors and 




HR Output 






68 


ELECTRIC TRACTION 


the advantages of this method of ventilation, the larger locomotive 
motors are always of the forced- ventilated type. 

For slow and medium-speed passenger and freight services the geared 
axle-mounted motor with nose suspension is frequently employed, and 
two examples are shown in Fig. 27. These motorar differ in a number of 
features from those illustrated in Fig. 16. For example, the armatujre 
bearings are lubricated by self-oiling rings, the motors are forced venti- 
lated, and no fans are fitted to the armatures. The motors also 
from each other in their general design ; one motor, A, being designed 
for narrow (3 ft. 6 in.) gauge, and the other, 0, for broad (5 ft. 6 in.) 
gauge. Moreover, the air inlet is at the commutator end in one machine 
( A) and at the pinion end in the other machine {C). The narrow-gauge 
motor is a six-pole machine ; its armature having a relatively large 
diameter and short core length. The broad-gauge motor (which is rated 
at 340 h.p., 500 volts, 665 r.p.m., and is insulated for 1500 volts) is a 
four-pole machine having an armature of relatively small diameter and 
long core length. In consequence, a relatively high speed of rotation can 
bo employed together with a large gear ratio and driving wheels of small 
diameter. For example, the motor could bo used with 44 in. wheels and 
a gear ratio of 4*94 : 1, although the locomotive on which it is installed 
(Reference No. 4, Table XII) has 51 in. driving wheels and a gear ratio 
of 4*94 : 1. Further details of the construction and general arrangement 
are shown in Fig. 28. 

Attention is directed to the oil throwers and deflectors, the equalizing 
connections fitted to the armature winding (which is of the multiple- 
circuit type), and the yoke ring carrying the (four) brush sets. 

When motors of largo output are geared for low operating speeds, 
twin gearing (i.e. gears at each end of the armature shaft) may be neces- 
sary to obtain a more uniform and a higher working pressure on the 
gear tooth than would be possible with single gearing having a wide face. 
To equalize the pressures on the teeth of the twin gearing, the gear wheels 
are usually made with separate rims, which are connected to the centres 
or hubs by a number of springs. Alternatively, solid gears and spring 
pinions may bo employed. 

An example of this type of motor is shown in Fig. 29, and a view 
showing the motors in position on one of the trucks of the locomotive 
is given in Fig. 30. This view shows clearly the restricted space available 
for the motor frame and also the method of supplying the ventilating 
air to the motors (via the hollow centre bearing and transom of the 
truck). 

For moderate-speed and high-speed locomotives, which are required 
to give considerable outputs at speeds between 40 and 80 ml.p.h., the 
po\i'or equipment may consist of either a number of motors (four or 
more) of moderate output (300-600 h.p.), or one, or more, motors of 
large output. In general, the use of geared, axle-mounted motors with 
nose suspension is undesirable for high-speed service on account of the 
relatively large unspring-borne weight which, with this type»of suspen- 
sion, would have to be carried on the driving axles. Geared motors, 
however, may bo employed for this service, provided that the motors 
are mounted on the truck, or locomotive, framing. But a flexible trans- 
mission». is then necessary, as relative motion between each armature 
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shaft and driving axle must be permitted, owing to the locomotive 
framing being spring-supported from the axles. 

The flexibility in the power transmission may be obtained in three 
ways — (1) by mounting the gear-wheel on a trai^sverse shaft (called a 



£ 

Fia. 28. — Longitudinal and Cross Section of Oerlikon 340 h.p., 500-volt 
locomotive motor for 5 ft. 6 in. Gauge. 

“ jack-shaft ”) carried in suitable bearings fitted to the locomotive frame, 
and driving the wheels from this shaft by cranks and horizontal con- 
necting rods ; (2) by fixing the gear-wheel to a quill (or hollow shaft) 
which surrounds the driving axle with suitable clearances and is centred 
in beatings in the motor frame, the quill being connected to the driving 
wheels by springs or a universal coupling through which the torque is 
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transmitted ; (3) by mounting the gear wheel in a suitable bearing outside 
the driving wheel and connecting these members together by a special 
linkwork (Brown-Boveri system). Further details are given in Chapter 
XVII, and at present we shall discuss the manner in which these methods 
of power transmission laffect the motors. 



Fio. 29. — Longitudinal Section of 452>h.p., 1600-volt, 
Forced Ventilated Railway Motor (4 ft. 8 J in. Gauge). 
(General Electric Co., Schenectady.) 


The frame-mounted geared motor with connecting-rod drive ma^ be 

employed for slow-speod Ipcornotives when the power equipment is to 
cdhsist of one or two motors of moderately large output and a number of 
driving wheels are to be coupled together by coupling rods. The motor 
is, in sonie cases, arranged vertically above the jack shaft, the motor 
frame being of the open typo and mounted on the locomotive framing at 
floor level. In other cases a pair of box-frame motors are mounted on 
each side of the jack shaft and their pinions mesh with a common gear 
wheel fixed to the jack shaft. 
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An example of a motor for the latter form of mounting is shown in 
Fig. 31. The motor is rated at 650 h.p., 1400 volts, 530r.p.m., and is 
forced ventilated. Twin helical gearing is employed and springs are 
fitted in the pinions for the j^urposc of obtaining flexibility between the 
two sets of gc^aring, the gear whetils being solief. The motor frame is 
supported by transverse memlwirs of the locomotive frame, and, except 
for this feature, it closely rc'sembles an ordinary box frame. It has four 



Fi«. .‘{0. '\’icw of LocoTnotivo Truck, showing; Motors in position. [Part 
oquipmont of (’liicnj'o, Milwauktjo and St. Paul 2e()-toii locomotive 
built by (tenoral Electric Co.) 


poles and the extutation witiding is arranged in three sections, so that 
two steps of held control can bo employtMl. 

The armature has a four-circuit lap winding which is fitted with 
equalizing rings. 

The cliaracteristic curves of the motor are given in Fig. 32, and 
represent the performance of the motor through the gearing and side 
rods. 

The frame-mounted geared motor with quill drive is now usually 
built as a twin motor, the two armatun^s being geared to common gear 
wheel. Fig. 33 shows the general arrangement and a view of a twin motor. 
^This construction possesses a number of advantages over a single motor 
having the same output as the twin motor. Thus (1) only single, instead 
of Jiwin, gearing is necessary, and therefore a greater proportion of the 
distance between the wheel hubs is available for the armature and com- 
mutator ; (2) the armature and frame dianxeters of the twin motor are 
smaller than those of the single motor, and therefore a higher gear ra\io 
and a higher armature speed may be aciopted for the twin motor ; (3) the 
armatures of the twin motor may bo permanently connected in series, 
and such an arrangement enables a very satisfactory design of motor to 
be obtained for high-voltage circuits ; (4) the smaller armatures with 
single gearing are easier and less costly to maintain than larger armatures 
with Win gearing. 
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^ The frame-mounted geared motor with Brown-Boveri linkwork trans- 
mission between gear-wheel and driving-wheel (described on p. 423) 
enables the whole width between the wheel flanges to be utilized for the 
motor. Hence for a given diameter of driving wheel a larger motor may 
bo employed than would be possible with a geared quill drive. Fjpr 
example, with 69 in. (1750 mm.) driving wheels and 4 ft. in. gauge, a 
motor having a one-hour rating of 1000 h.j). (and a continuous rating 
of 825 h.p.) can be accommodated. Such motors have been built 
by Messrs. Brown-Boveri for the Paris-Orleans Railway. A motor is 
shown in Fig. 34, from which a number of interesting features may be 



Fio. 32. — Charactoriatic Curves of Motor illustrated in Fig. 31 (1)76 h.p., 1400-volts, 
400 amperes, 48 in. wheels, 4-15: 1 gear ratio). Numlxjrs attached to Curves 
indicate connection of Field Winding (o.g. 1, Full Field ; 2, Intermediate Tapped 
Field ; 3, Weak Tapped Field). 

observed. Thus, the motor is a six-pole machine with commutating poles 
and six sets of brushes. Provision is made for inspecting and changing the 
•brushes by arranging the brush-gear on a yoke ring, which, after the 
connections have been released, can be rotated by means of a worm and 
worm-wheel operated by a cranked handle. The armature bearings 
(wiiich are of the babbited-sleeve type with self-oiling rings) are carried 
in cast steel end-shields, which are provided with feet (for mounting the 
motor on the frame of the locomotive) and ventilating ducts. A motor- 
driven blower is mounted directly above the air-duct opening in the back 
end-shield, the blower, when running, delivering about 4250 cub. ft. of 
air per minute at a pressure of about 4 in. water column. The back-end 
of the armature is fltted with a double fan for circulating the air on the 
parallel system. The air leaves through the air duct in the commutator 
end-shield, the inspection openings shown in Fig. 34 being normally 
closed with solid covers. 
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The motor is designed for a combination of tapped- and shunted- 
field control, and typical characteristic curves are given in Fig. 35. 

Gearless motors. When gearing is to be dispensed with two alterna- 
tives are possible, according to whether a number of motors of moderate 
output or one or two large motors are to bo employed. 

In the foiTTK^r casci a special form of bipolar motor (developed by the 
General Electric Co., Schenectady) is adopted. The armature of this 
motor is mounted directly upon the axle, as shown in Fig. 36, and the 
field poles are built into the truck. The pole pieces and field coils are 



Fig. 34. — Browii-Boveri 1000 h.y). Frame -mounted Motor 
for High-syKied Passenger Tjooornotivo. 


fixed to the cross transoms of the truck, and the magnetic flux passes 
hdtizontally in series through all the motors, the return path being 
provided by the side frames of the truck. The pole faces are almost flat, 
so as to allow vertical movements of the armature to take place relatively 
to the poles in consequence of iiTcgularitics in the track. The brush- 
holders are fixed to the transoms. The motor «is enclosed by sheet-stee|[ 
covers and is ventilated by a blower, the air entering at the commutator 
end and passing in parallel paths through the armature and over the 
surfaces of the armature and field coils. Owing to the wide neutral zone 
good commutation is obtained without commutating poles. Such motors 
have given very satisfactory service on the New York Central Railway 
locomotives — the maximum operating speed being of the order of 
70 ml.p.V. — and similar motors have been built for passenger locomotives 
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(having maximum operating speeds of 65 ral.p.h.) for service on the 
mountain divisions of the Chicago, Milwaukee, and St. Paul Railway.- 

When one or two large motors are to be employed the power must be 
transmitted to coupled driving wheels by cranks and connecting rods. 
The motors are relatfvely slow-spccd machines having a large number 
cf poles, and the mechanical design, with the exception of the bearings, 
resembles that of a stationary motor. 

Speed control. When locomotives arc required to operate mixed 
services a relatively large number of economical running speeds mq^t 


kW 



Fig. 35. — Charactoristic Curves of JJrowii-Jioveri, 1000 li.})., 1600-volt 
Locomotive Motor. 
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be provided. These speeds may Ihj obtained by a combination of voltage 
and field control ; the former being obtained with multi-motor equip- 
ments by grouping the motors in series, series-parallel, and parallel, as 
explained in Chapter Vlll, and the latter by tapped-field or shunted- 
field control. 

With motors of large output sufficient space is available inside the 
motor to permit the main field winding to be divided into three sections, 
thereby giving three speeds corresponding to a given armature ciyrent 
and voltage. Additional speeds may be obtained by shunting the field 
)^inding. • 

An example of a motor in which five economical running speeds (for 
a given yoltage and armature current) are available is shown in Figs. 34 
and 37. This motor forms part of the four-motor equipment of one of 
the locomotives built by Messrs. Brown, Boveri for the Paris- Orleans 
Railway, and by the combination of double series-parallel and field 
control, fifteen economical operating speeds are available for the loco- 
motive. As field control has been carried almost to the extreme limit in 


78 


ELECTRIC TRACTION 


this 1500-volt motor — tho minimum exciting ampero-turns for a given 
armature current being 26 per cent of tho full excitation at this current — 



a pole-face or compensating winding (for neutralizing armature reaction) 
is provided to ensure stability and freedom from flashing when the motor 
is operating with weak fields, this provision being further necessary on 
account, of the relatively large fluctuations in the operating voltage. 
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Trolley-Bus Motors 

Motors for trolley-buses are similar in electrical design to tramway 
motors. In some of the earlier buses tramway motors were employed, 
but in all the latest buses a specially designed motor is employed, as in 
this manner the fulle*st advantage can be taken of the methods of power 
transmission and motor suspension which are peculiar to the trolley-bus 
motor. Accordingly, the trolley-bus motor possesses certain special mech- 
aifical features, of which the most important are — (1) the motor is rigidly 



Fio. in . — Frame of Browii-IJoveri 1000 li.p. Locomotive 
Motor with Pole-face Winding. 

[Note — This motor has the exciting field winding divided 
into three sections, and live Hold strcngtlis are obtuinablc for a 
given value of armature current.] 

fixed to the chassis, which is spring supported from the road wheels ; 
(2) the power is transmitted through a propeller shaft to a worm-driven 
differential gear in the back axle, this method of power transmissior^ being 
similar to that adopted jn internal-combustion-engined, vehicles (except 
•that, on the trolley-bus, there is no change-speed gearing). 

On account of these features certain parts of the troDey-bus motor 
can be Inade lighter than the corresponding parts of a tramway motor. 
Thus the frame can be lightened, owing to its rigid support in the chassis 
and to the absence of axle bearings, while, owing to the general employ- 
ment of roller bearings and the absence of gear-case supports, the frame 
heads can be made of aluminium alloy. Again, owing to the employment 
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of a worni-drivoii diffororitial gear in the power transmission, the gear 
ratio is considerably higher than that obtaining in tramway practice, 
and in consequence the trolley-bus motor has a higher armature speed 
than the corresponding tramway motor, thereby enabling the former 
machine to be built lighter than the latter for the same p^wer output. 

The motors are four-pole machines with commutating poles ; fourr 
sots of brushes are provided on the commutator, and ventilation is on 
the parallel system (p. 63). Owing to the relatively high armatiu^e 




B 

Fio. 38. — Mol-ora for Trolloy Oinnibusos. 

* A, ]{.T.-IT. Co. ; 11, KiiKlisli Klpdtrio Co. 

speeds — which at the one-hour load are of the order of 1000 to 1100 r.p.m. 
— very efficient ventilation is obtairu^d, and this, 'combined with the other* 
mechanical features, has enabled the weight of the motor to be reduced 
to about 20 lb. per rated (one-hour) h.i). Typical motors are shown in 
Fig. 38. 

Present-day practice with trolley-bus equipments employs a single 
motor having a one-hour rating of 50 or GOh.p. The motor is fixed 
between ^the longitudinal members of the chassis, with the armature 
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shaft parallel to the longitudinal axis of the chassis. A flexible coupling 
is fixed to the armature shaft end, from which the propeller shaft is driven. 
Examples are given in Chapter XV. 

Sp^ control. To •provide two economical running speeds corre- 
sponding to those available on a tramcar, the single trolley-bus motor 
may be provided with two armature windings, commutators, and brush- 
-gear«; the two windings being identical and occupying the same slots in 
the armature core. The armature windings and commutators may bo 
connected in series or parallel as desired, and two speeds, in the ratio of 
1 : 2 approximately, may, therefore, be obtained for a given value of 
exciting current. 

Alternatively, series-parallel control may be obtained by employing 
two smaller (25 to 30 h.p.) motors, which are mounted in tandem on the 
chassis. The single double-commutator motor, however, is the better 
proposition, as it is lighter, cheaper, more efficient, and occupies less 
longitudinal space in the chassis, than the two tandem-mounted motors. 

When one single-commutator motor is employed, two economical 
speeds are obtained by shunted-field control, but in this case the ratio of 
speeds is between about 1 ; 1*2 and 1 ? 1*4. 

APPENDIX TO CHAPTER IV 

APPLICATION OP liOLLER BEAllINOS TO TRACTION MOTORS 
Roller armature bearings for tramway and trolley-bus motors artj now 
favoured by many tramway engineers on account of the long life and low 
maintenance costs of these bearings when properly fitted and lubricated. 

The type of bearing in general use with modern motors has short cylindrical 
rollers ; the tapered (adjustable) roller type, althougli employed successfully 
in the automobile industry, being unsuitable for traction motors on account 
of difficulties due to the longitudinal expansion of the armature shaft being 
greater than that of the frame of the motor. 

With the cylindrical roller type of bearing (which is non-adjustable) the 
h.ardencd-steel rollers are mounted between two accurately finished races of 
■hardened steel, the rollers being maintained in their correct relative positions 
by a guumetal cage. End play of the i*ollers is limited by flanges formed on 
one of the races. The inner race is fixed to the armature shaft, and the outer 
race is securely clamped between caps in a seating in the frame-head of the 
motor. A definite location of the armature with respect to the frame is 
obtained by fitting a ball-bearing alongside the roller bearing at the commu- 
tator end (Fig. 38a), the ball bearing being so mounted that it cannot carry 
radial load. Hence any inequality in the expansions of armature shaft and 
frame is accommodated by a slight longitudiiial movement of the roller^ 
through the non-flanged race at the pinion end. 

In the design of mountings for roller bearings careful attention is necessary 
to the maintenance of a good lit of both inner and outer races, and tot the 
sealing of the bearing chambei's against loss of lubricant and the ingress of 
wgter and dirt. • 

The inner race should be a press fit on the shaft, and the seating for the 
outer race^ should be bored as nearly as possible the exact diameter of the 
race. 

The lit of the inner race after successive removals from the shaft can be 
preserved by mounting the race upon a sleeve which fits upon a taper formed 
on the shaft. Examples of this method of mounting, for the commutator and 
pinion ends, are shown in Pig. 38a. The sleeves are secured to the shaft by 
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locked nuts. They are drawn off the shaft when necessary by special tools 
which screw into special threads provided in the sleeves. 

In some cases the inner race is mounted on a parallel sleeve which is 
shrunk on to the shaft and is secured by a locked nut. This sleeve can be 
readily renewed in the event of the press fit between the inntjr race and its 
seating being lost due to a removal of the race. 

As it is undesirable tf) make a practice of removing tlie inner races when 
the armature is to be reinovc^d from a box-frame motor, the frame-heads and , 




Fig. 38a. — Mounting of Roller Bearings in Traction Motors. 
(Metro jxjIitan-Vickcrs.) 


bearing caps should be so designed that the armature can be removed from 
the frame with the pinion-end frame -head intact, and with the bearing and 
inner end-cap remaining on the shaft at the commutator end. 

The seals between the cap.s and the shaft are of the labyrinth type, so 
machined that an effective clearance of 0*005 in. radially is obtained. This 
type of seal effectively retains the lubricant. A thrower fitted to the shaft at 
tiie pinion end and outside the bearing will give protection against the ingress 
of water and dirty grease from the gear case. 

Lubrication is effc^cted by charging the bearings with pure mineral grease 
free from acid-forming constituents and “ fillers.” Tlie grease is applied 
through a nipple from a “ grease gun.” It is of extreme importance that no 
grit be allowed to enter the bearing through the nipples. 

The interval between successive service greasings depends upon local 
circumstances, and is of the order of about three months. Cases are on record 
where bearings have run 76,000 miles between successive greasings. Adequate 
lubricant in tlie bearings, however, is essential to their successful operation. 



CHAPTER V 

* V' SINGLE-PHASK TRACTION MOTORS 

■*The development of single-phase motors for electric traction has been 
confined almost exclusively to machines of the commutator typo, as the 
single-phase induction motor is, inherently, incapable of exerting ,a 
large torque at starting. Moreover, the latter machine cannot readily be 
adapted for variable speeds, and, therefore, it is entirely unsuitable for 
traction service. On the other hand, the commutator typo of motor 
can be designed to have a variable-speed characteristic similar to that 
possessed by a direct-current scries motor, and can give a satisfactory 
performance at starting. 

The types of alternating-current commutator motors developed for 
electric traction are those possessing a variable-speed (series) charac- 
teristic, and include the compensated (or neutralized) series motor, the 
compensated-rcpulsion motor, the brush-shifting repulsion motor (Deri 
type), and the series-repulsion or “ doubly-fed ** motor. All these 
motors are characterized by a laminated field structure (which, in the 
series motor, may have salient poles, but in motors of the repulsion 
type the polar face must bo continuous) and an armature (or rotor) with 
a direct-current winding, commutator, Sind brushes. This typo of rotor, 
with commutator and brushes, is essential for obtaining the variable- 
speed characteristic, and the introduction of these features into alternate- 
current machines is accompanied by operating conditions which are 
non-existent with induction motors. Expressed briefly, these new con- 
ditions involve the problems of power-factor and commutation, of 
which the latter is considerably more complicated than the commutation 
problem in direct-current machines. These problems and their solution 
will be discussed in detail in the pages which follow. 

The present tendency in single-phase traction is towards the exclusive 
standardization of -the series type of motor for low-frequency circuits 
purposes, but its speed control is simpler than that of other types of 
{16^ cycles), as this machine is not only more satisfactory for traction 
motors. 

For 25-cycle circuits (which is the standard frequency for American 
single-phase electrification) the series-repulsion motor gives a better 
performance, and is of simpler construction, than the series motor. As, 
however, the present-day applications of this motor are not very great 
on account of the standardization of the low^er frequency (16f cycles) 
in European single-phase electrifications, and as its theory (which is 
treated extensively in the author’s Electric Motors arid Control Systems) 
involves the consideration of the theory of the repulsion motor (which 
is obsofete in so far as present-day single-phase traction is con- 
cerned), the series-repulsion motor will not be dealt with in the present 
volume. 

The single-phase series motor has been adopted as standard for the 
extensive electrificatioii of the Swiss Federal Railways and for other 
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extensive electrifications in Germany, Austria, Bavaria, Norway, and 
Sweden. For these reasons we shall consider only this typo of motor.* 

Theory of Single-Phase Series Motor 

The simplest form of single-phase series motor consists of a laminated 
magnetic circuit and an armature, with commutator and brushes, whibh 
closely resembles the armature of a low-voltage direct-current motor.^ 
The main excitation is supplied by a field winding which is connecteti in 
series with the armature. 

^ If such a motor is supplied at standstill with alternating current of 
low frequency a pulsating torque is developed, and the relationship 
between the mean value of the torque and the root-moan-square value 
of the current is almost identical with that obtained when the motor is 
supplied with direct current. 

The similarity between the performance with direct and alternating 
current follows from the fundamental principles of electromagnetic com- 
mutator machines. Thus in any electromagnetic machine the magnitude 
of the torque developed at any instant is directly proportional to the 
product of the values, at that instai^t, of the flux and armature current, 
while the direction of the torque depends solely upon the relative direc- 
tions, in space, of those quantities. With series excitation, an unsaturated 
magnetic circuit, and an alternating supply, the flux is practically in 
phase with, and is proportional in magnitude to, the armature current. 
Hence the torque at any instant is approximately proportional to the 
square of the current. 

Relationship between torque and current. The relationship between 
the mean value of the torque and the root-moan-square (r.m.s.) value of the 
currcjnt is readily deduced for the simple case when both current and flux 
follow sine laws. Thus if the current is given hy i = I^ sin wi and the flux 
by O = sin wi, the instantaneous torque is 

= * <D i siD» (Ui 

— - COS 2(o<) 

= I * - I * COS 2mt 

Thus the torque is pulsating, and may be resolved into a steady com- 
ponent (equal to i A; and an alteinating component (equal to 

\Tc I ^ cos 2wt) having a frequency double that of the supply current. 
The moan value of the latter, taken over a period of the supply current 
is zero. 

^ Hence the mean torque over a period is 

’®'mcaw = 1 A; 

^ -^kl(<lyJV2) 

where /(= I ^1^2) and y/2 are the r.m.s. yalues of current and flux, 
respectively. • 

In the case of a purely unsaturated magnetic circuit the flux is directly 
proportional to the current, and the mean torque is • 


* The theory of the repulsion, D^ri, and series repulsion traction motors, 
together with constructional details and characteristic curves is given in the 
author’s tSlectric Motors and Control Systems (Pitman). 
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The function of the commutator is the same in both single^phase and 
direct-current motors, viz. to enable each motor to exert a continuous 
to rque . Thus with alternating-current operation the flux and armature 
current both alternate^ at the same frequency, and the torque exerted 
by any particular armature conductor when under a given pole face is 
alVays in the same direction. When this conductor moves to a position 
i jjnder a pole face of opposite polarity, the direction of the current in it is 
revised (due to the action of the commutator and bushes), and the 
torque is in the same direction as before. Therefore the commutator 



Fig. 39. — Partittlly Wound Stator of Westinghouse Single -phase 
Series Motor, showing compensating winding in position. 


performs the same functions whether the supj)ly is direct or alternating, 
and is as necessary for one case as for the other. 

Electrical conditions at starting. Two important conditions occur at 
starting, viz. (1) the power factor is extremely low, (2) the armature coils 
which are short-circuited by the brushes on the commutator will probably 
become overheated and vicious sparking will occur if the segments ^jon- 
nected to these coils break contact with the brushes (due to any slight 
movement of the armature^). 

The low power factor is due to the inductances of the armature and 
field windings. The inductance of the former is duo to the magneto- 
motive force produced by the current in the armature, the direction of 
this magneto-motive force being along the neutral, or brush, axis. 
Since this magneto-motive force is not essential for the production of 
torque in the motor it may be neutralized without affecting the rela- 
tionship between torque and current. 
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In order to neutralize the magneto-motive force of the armature a 
stationary winding, producing an equal, but opposing, magneto-motive 
force, must be placed as closely as possible to the armature winding, and 
must be distributed in space in the same manner as the armature winding. 
Such a winding — called a neutralizing or confpensating winding — ^is, 
therefore, always provided in commercial motors and is located in the 
pole faces, as shown in Fig. 39 : it may bo connected in 8eries.. wi^h th e 
armature winding (i.e. conductively excited), or, alternatively, it mcty be 
short-circuited upon itself (i.e. inductively excited). In the latter case 
Mie neutralizing ampere-turns are derived by transformer action from the 
armature winding, but, due to inevitable losses and to the presence of an 
air gap between the two windings, the neutralizing ampere-tums so 

obtained will always bo lower than 
the armature turns, and, therefore, 
a portion of the armature magneto- 
motive force will remain unnoutral- 
ized. The method, however, pos- 
sesses the advantage that the number 
of turns in the winding do not 
require to bo so carefully chosen 
as for the conductively-excited wind- 
ing. But with present-day motors 
the conductively-excited winding is 
preferred on account of the bettor 
performance of the motor. 

The overheating of certain arma- 
ture coils and the vicious sparking 
at the brushes are duo to the rela- 
tively large circulating currents 
which are induced by the alternat- 
ing main flux in the coils short- 
circuited by the brushes, these coils 
and the main field coils acting as 
the secondary and primary windings 
of a transformer. The conditions are represented in Fig. 40, which 
shows the n'lative directions, at a given instant, of the currents and 
fluxes for a ring armature winding with the brushes in the neutral 
position. It will be observed that the armature coils occupying the 
neutral zones are traversed by the whole of the main flux, and, therefore, 
•the coils which are short-circuited by the brushes will be the seat of rela- 
tively large circulating currents. The steps which must be taken to 
reduce these currents in commercial motors are considered in the 
discussion of commutation which is given later. 

Electrical conditions when running. These involve the consideration 
of (1) the relationship between speed and torque, (2) power factor, 
(3) commutation. 

The relationship between speed and torque is best obtained by 
deriving first the relationships between (1) torque and current, (2) speed 
and current. The relationship between torque and current has already 
been Obtained, and the relationship between speed and current is readily 



Fio. 40.— Diagram showing directions 
of Transformer-K.M.F.s and Circu- 
lating Currents in Armature of 
Single-phase Series Motor. Notk--- 
4>^, denote, I'espectively, tho 
fluxes which would be produced by 
tile separate action of armature and 
compensating windings. 
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obtained from the fundamental principles governing the action of electro- 
magnetic machines. Thus, in any rotating armature supplied with energy 
through brushes and commutator, the E.M.F. generated in the armature 
winding due to its rotation — ^this E.M.F. will be called the dynamic 
E.M.F. — together witt any other internal E.M.F.s due to the current and 
fhe main flux must, at every instant, balance the external E.M.F. applied 
. jto the brushes. 

* With a direct-current supply only two internal E.M.F.s have to be 
considered, viz. (1) the dynamic E.M.F. (usually called the “ back- 
E.M.F. ’\or “ counter-E.M.F.** in direct-current motors), and (2) the 
voltage drop duo to the resistance of the armature circuit. But with an 
alternating-current supply other E.M.F.s are present, which are due to 

(3) the alternations of the main flux through the armature winding, and 

(4) the jilternations of the current in the armature conductors. The 
former 1£e called static E.M.F.S and the latter inductive E.M.F.S. 

The static E.M.F.s due to the alternations of the main flux through 
those armature coils which form the electrical circuits between the 
brushes cancel out when the magnetic circuits arc symmetrical (i.o. when 
the flux from each pole divides equally in passing through the armature 
core, as indicated in Fig. 40) and the axis of the brushes is perpendicular 
to the axis of the main flux, these conditions being represented diagram- 
matically in Fig. 40. But in those coils which are short-circuited by the 
brushes the E.M.Fs. induced by the main flux are active and set up 
circulating currents in the closed circui^. 

The inductive E.M.Fs. due to the alternations of the current in those 
armature coils which form the circuits between the brushes are almost 
negligible in commercial motors which "^aro provided with pole-face 
windings for neutralizing the magneto-motive force of the armature. 

The dynamic E.M.F. is, therefore, the principal internal E.M.F. in 
the armature circuit (i.e. that portion of the armature winding between 
the brushes) of a commercial single-phase motor when th(^ armature is 
rotating. 

The r.m.s. value of this E.M.F. is given by the equation 

E = (2/^2) p X 10'8 .... (16) 

where p denotes the number of polos, N the number of turns per circuit 
of the armature winding, n the speed in revolutions per second, and 

the maximum or crest value of the flux per pole, which is assumed to 
vary sinusoidally with respect to time. ^ 

Hence the speed in revolutions per second is given by 
E X 10^ I [{2 1 V2)p^^N] 

^which is of similar form to the speed equation for a direct-current motor. 

The r.m.s. value of the static E.M.F. induced in the exciting winding 
by the {.Iternations of the main flux is 

Ns = (27rlV2)fN,(S>^ X lO'® .... (16) 

where / denotes the frequency of the supply current, Nf the number of 
turns in the exciting winding, and has the same significance as in 
equation (16). 
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Power factor. The conditions under which a high power factor may 
be obtained can be detcrmiiuKl by a consideration of the vector diagram 
for the motor. For the simplest case of a motor in which the armature 
reaction is neutralized, and only resistance losses 
in the armature and field cirdhits are present, the 
vector diagram is shown in Fig. 41. In this diagrant 
the flux is represented by 0 F and is the vector of 
reference, the current — ^which is in phase with tfie^ 
flux — by Oly and the terminal voltage — which 
leads the current by the angle ^ — by OV. The 
terminal voltage balances the vector sum, Oc, of 
the internal E.M.F.s, of which the dynamic E.M.F. 
is represented by Oa, the voltage drop due to the 
total resistance of the motor by ab, and the induc- 
tive E.M.F. induced in the field (excitation) winding 
by be. 

Hence for a high power factor (i.c^. for <f} to bo 
a small angle) the inductive E.M.F. must be small 
in comparison with the dynamic E.M.F. 

When, however, the resistance losses are ignored, 
a simple expression can be obtainiid for the power factor of the motor. 
Thus 

Power factor = cos i — r— , , . ! x / Ar /atm 2 (17) 

This expression is obtained as follows 

_ inductiv e E.M .F. _ (27 r/V2 )/ X IQ-" 
tan (f) - dynamic E.M.F. ~ (2|^/'2) pn X 10 ® 

TT N f 

1 n ' iV 

cos ^ (1 + tan-^)-* I I +[l7r(njn) (AV^V)J*-{ '* 

where n, is the synchronous speed (~ f/^pTov. per sec.), / the frequency 
of supply, p the number of poles, n tlu^ s])eed of rotation of the armature, 
Nf the total number of turns in the exciting winding, N the number of 
turns per circuit of the armature (i.e. the number of turns in series 
between the brushes), crest value of the flux per pole, the distribu- 

tion of which is assumed to bo sinusoidal. 

Hence for a given motor the power factor at the highest speed (i.e. at 
light load) will approach unity and will decrease as the speed decreases. 

• 

Design factors affected by power factor considerations. For a given 
voltage and load the power factor will bo higher the lower the value of* 
the product (risln) (NfIN), Since the spt^ed of rotation at normal load 
is governed by considerations of the permissible peripheral speed ^t light 
load, the former can be considered to have a definite limiting value, and, 
therefore, with the speed of rotation (w) fixed, a low value for (njn) 
necessitates a low synchronous speed, which condition requires (1) a low 
frequency* of supply, (2) a relatively largo number of poles. 
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Also a small number of turns in the exciting winding necessitates a 
magnetic circuit of low reluctance, i.e. low flux densities and a small 
air gap. Moreover, the combination of low flux densities and a relatively 
large number of poles results in a relatively low flux pcT pole. 

On account of thb unsaturated magnetic circuit the speed-current 
mirve of the motor is considerably steeper at the rated load of the motor 
than that of the direct -curnmt series motor. 

^ '•Hence the commercial single-phase series motor must be supplied at 
low frequency and must have — 

(1) A pole-face winding for neutralizing the armature magneto- 
motive force. 

(2) A relatively largo number of poles. 

(3) A low flux per pole. 

(4) A magnetic circuit worked at low flux densities. 

(5) A small air gap. 

With such a motor the full-load speed is usually about three to four 
times the synchronous sp(HKl, and the numlxu* of turns in the Held winding 
is about one-third th() number of armaturci turns ])er circuit. Hence, 
theoretically, the [)owcr factor at fuy load — as given by equation (17) — is 
cos 0 - [I X (Itt X J X - 0-085, 

but in practice — owing to the leakage reactanc(5S of the (icld winding 
and armature (which w^ere ignored in deriving equation (17) ) — the power 
factor would be about 0-95. 

Since the torque is proportional tc? th(^ product of total flux and 
armature amjHire-turns, the armature should carry as many ampere- 
turns as possible, and as armature-reaction effects are negligible, the 
electric loading (i.e. the ampere-turns) can be pushed to the extreme 
limit (which is governed solely by considerations of heating). 

Hence in the single-phast' motor, the large number of armature 
ampere-turns, the low flux densities and the small air gap, result in the 
ratio [field (excitation) ampere-turns per pole/ar mature ampere-turns per 
pole] being less than unity, whereas in a direct-current traction motor 
this ratio is greater than unity. Ihdativt^ values, for rated load, arc — 
Single-phase motors ..... 0-25-0-5 
Direct-current motors without commutating poles 2-3 
Direct -current motors with commutating poles . 1-5-2 

Thus, considerations of power factor require the single-phase series 
motor to be d<5signed on radically different lines to the direct-current 
series motor in respect to armature and field amperc-turas and flUi 
densities. 

s 

Commutation. The commutating conditions in the simple Tories 
jpotor are considerably more complicated than those in a direct-current 
motor, as, in addition to the E.M.Fs. induced in the commutated coils 
by the reversal of the armature current, there is a static E.M.F. — 
called the “ transformer E.M.F.’’ — which is induced in these coils by the 
alternations of the main flux. The presence of the latter E.M.F. and the 
circulating currents producc^d by it have already been referred to in 
connection with the electrical conditions at starting. Now we shall 
discuss the manner it affects the performance of the motox when running. 
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Effects caused by circulating currents. Since the magnitude of the 
transformer E.M.F. in a given motor is proportional to the main flux its 
largest vahies occur at heavy loads (i.e, at high current inputs), so that 
under these conditions severe sparking is liable to occur, as the coils 
undergoing commutation have the circulating currents due to the trans- 
former E.M.F. superimposed upon the current which is being com- 
mutated. 

The circulating currents, however, produce other effects which ’ 
detrimental to the performance of the motor. Thus, since the coils 
qpeupying the neutral zone are in the position of maximum mutual 
inductance with respect to the exciting winding, and the circulating 
currents are produced by induction, the ampere-tums set up by the 
short-circuited coils act in opposition to the ampere-tums producing the 
main flux (see Fig. 40). This reaction results in a weakening of the main 
flux as well as a phase displacement between this flux and the armature 

current, thereby reducing the torque. These 
effects are shown in the vector diagram of 
Fig. 42, in which 0 Y represents the main 
flux, OB the ampere-turns producing this 
flux, and* OF the transformer E.M.F. (which 
is in time quadrature with the flux). If we 
disregard any other E.M.F.s that may be 
induced in those coils, then the circulating 
currents produced by the transformer E.M.F. 
can be represented by OOy in phase with OF, 
The reaction ampere-turns, due to the circulat- 
ing currents, are represented by 0(7, and act 
along the axis of the field winding. There- 
fore, OB represents the resultant of the field ampere-tums and the 
reaction ampere-turns. Hence the field ampere-turns are represented by 
OA , and the main current by 0/, which leads the flux by the angle 0, 
thereby reducing the angle <f} (Fig. 41) and improving the power-factor. 

The improvement in the power-factor, however, is accompanied by 
a reduction in the torque, since the latter is represented by the product 
OYx 01 cos 0. 

Therefore the circulating currents are not only detrimental to com- 
mutation, but they affect adversely the output and efficiency. They also 
lead to increased losses and heating, and necessitate more ampere-tums 
to bo supplied by the main field winding than are required for magnetic 
purposes. 

Methods of reducing circulating currents. The circulating currents may 
be eliminated when the armature is rotating by neutralizing the trans- 
former E.M.F. To effect this result a dynamic E.M.F. (called the “ com- 
mutating E.M.F.”) must be generated in thq coils in which the trans- 
former E.M.F. is induced. This is obtained by providing in the neutr&l 
zone a commutating flux of the correct flux density having a time phase- 
difference of 90° with respect to the main flux, since the tr&nsformor 
E.M.F. has a phase-difference of 90° (lagging) with respect to the main 
flux. The commutating poles would, therefore, require shunt excitation, 
as a series winding would produce a commutating flux in phase with the 
main flu^. 



Fio. 42. — Effects duo to 
Circulating Cun-onts. 
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If complete neutralization of the transformer E.M.F. is to be obtained 
over a range of speeds the magnitude of the commutating flux must be 
proportional to the quotient (main flux/speed). This condition follows 
from the fact that the magnitude of the transformer E.M.F. is propor- 
tional to the main flux, and the commutating E.M.F. is proi)ortional to 
tto product of armature speed and commutating flux. But the speed 
is approximately proportional to the quotient (terminal voltage/main 
Hence, the commutating flux would have to be proportional 
to the quotient [(main flux)*/terminal voltage] , a condition which would 
be difiicult to satisfy in practice. ^ 

In a commercial motor it is only practicable to neutralize the trans- 
former E.M.F. over a limited range of loads. But, what is of greater 
importance, this voltage cannot be neutralized to the slighte.st degree at 
starting. 

The magnitude of the circulating currents at starting can be reduced 
by (1) reducing the magnitude of the transformer E.M.F., (2) increasing 
the resistance of the path of the circulating currents. 

Since the static E.M.F. (Eg) induced in a coil of Nc turns by the 
alternations of a flux is given by 

E, = (27r/V2)i\f X 10-*, 

therefore, if m eoils are short-circuited by a brush, the transformer 
voltage (Ef) causing circulating currents in these coils will be given by 
E,^(27TlV^)mNJ<!>^ X 10-« 

Hence E^ can be reduced by (a) reducing the number of coils short- 
circuited by a brush, (b) reducing the number of turns per armature 
coil to the minimum value (viz. unity), (c) adopting a low flux and a low 
frequency. Observe that a low frequency and a low flux per pole are 
also necessary from considerations of power factor. 

The resistance of the path of the circulating currents may be increased 
by (d) the use of high-rcsistanco brushes, and (e) the introduction of 
“ resistance leads ” or high-resistance connections between the armature 
• coils and the commutator segments. 

The number of coils short-circuited by a brush can be reduced to a 
minimum by the use of narrow brushes covering not more than two 
segments. These brushes are generally of high resistance so as to conform 
to condition (d). Alternatively, a duplex armature winding — which con- 
sists of two re-entrant windings connected to a single commutator, the 
commutator segments being connected alternately to the coils of each 
winding — may be employed. But this complication is unnecessary wher^ 
a low frequency is adopted. 

The reduction of the armature turns per coil to unity introduces a 
limitation to the armature voltage, since, with a multiple-circuit aima- 
ture winding and a large number of poles, the number of segments per 
pWe (and therefore the turns per circuit and the voltage) are limited by 
the largest permissible diameter of commutator and the narrowest width 
of segmoift. The minimum width of segment, however, must be chosen 
with reference to the minimum practicable thickness of the brushes in 
order that condition (a) may be satisfied. 

The resistance connections consist of a high-resistance alloy (con- 
stantan, ** Eureka,” rheostan), and connect the junctions of the armature 
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coils to the commutator segments in the manner indicated in Fig. 43. 
These connections are located either in the bottom of the slots with the 
armature winding, as described on p. 102, or between the front armature 
connections and the commutator segments, as shown in Fig. 66 (p. 114). 

Other E.M,F,s affecting commiitation. In addU>ion to the transformer 
E.M.F. the coils undergoing commutation have induced in them jin 
inductive voltage (called the “ reactance voltage of commutation '*) due 
to the reversal, or commutation, of the armature current, whil^. k^‘ 
machines not fitted with commutating poles there is usually present 
another E.M.F. (called the “ rotation voltage of commutation which 
fc produced by the armature conductors cutting any residual cross flux 



Armature Winding. 


Resistance Connections, 


Commutator Segments. 



Fig. 43.- -Diagram showing Kcsisianco Connections between 
Armature Winding and Commutator. 


in the neutral zone (duo to incomplete neutralization of the armature 
magneto- motive force). 

The reactance voltage may be cstimatixl by means of formulae* 
derived for direct-current machines, provided that the differences in 
armature construction and operation are taken i nto account . For example, 
(1) the slots in a single-phase armature are usually of the partially-closed 
type, and (2) the instantaneous value of the armature current at the 
commencement of commutation may differ from that at the end of 
commutation. 

The reactance voltage is approximately in phase with the armature 
•urrent, and its magnitude depends upon the current, the speed, and 
other factors concerned with the design of’the motor. 

The rotation voltage of commutation, when present, is in phase with 
the \5ros8 flux, and the’ latter is in phase with the armature current. 
It is usually of small magnitude in comparison with the transformer 
E.M.F. and the reactance voltage, and is calculated from the product 
of cross-flux, speed, turns per coil, and number of coils short-circuited 

♦ Soe The Dynamo (Hawkins), vol. I ; Single-Phase Commutator Motors 
(Punga) ; “ A Theory of Commutation,” by Lamrne {Transactions of American 
Institute of Electrical Engineers, vol. 30, p. 2.369). Punga’s treatise also discusses 
the modifications to be applied to reactance voltage formulae when used for single- 
phase motors. 
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by a brush. For a given motor it is proportional to the product of current 
and speed. 

The reactance and rotation voltages are, therefore, out of phase with 
the transformer E.M.F. ; hence the vector sum of these voltages must 
be taken when calculating the resultant voltage (to which the resultant 
circulating currents are due) in the coils undergoing commutation. 

Commutating poles. In view of the presence of the transformer 
^^!M.F. and the reactance voltage, both of which reach their highest 
values at the heaviest loads, good commutation under these conditions 
is only possible when commutating poles arc provided. Since these poles 
result in a considerable reduction in the magnitude of the circulating 
currents they lead to increased efficiency and lower losses, so that for 
given heating conditions a greater output can be obtained from a given 
armature core. 

Usually* the commutating polo takes the form of a special tooth 
having different proportions to the other teeth forming the polo face. 

The ampere-turns to be supplied by the commutating pole must 
balance any unneutralizod armature ampere -turns and provide the 
requisite magneto-motive force for passing the commutating flux through 
the polo, air gap, and armature teeth. 

The magnitude of the flux density at the face of the commutating 
pole is determined from considerations of the peripheral speed of the 
armature, the resultant E.M.F. which is permissible in the coils under- 
going commutation, and the magnitudes of the transformer E.M.F. and 
reactance voltage. When the resultant EcM.F. is zero (i.e. when complete 
neutralization of the transformer E.M.F. and reactance voltage occurs) 
the commutation is perfect and there are no circulating currents. To 
obtain this result the commutating flux must (1) be of such magnitude 
that the commutating E.M.F. balances the vector sum of the trans- 
former E.M.F. and the reactance voltage, and (2) be in phase with the 
vector sum of these E.M.F.s. 

» Excitation of commutating poles. A number of methods of exciting 
the commutating poles in order to obtain the correct phase difference 
(which may be between 30° and 50°) between the main flux and the 
commutating flux have been developed,* but the simplest and most 
satisfactory method for low frequency motors consists of a plain series 
winding shunted with a non-inductive, or partially inductive, resistance. 
This method is now adopted by the principal Continental manufacturers 
of single-phase traction motors. The circuit diagram is shown in Fig. 44 
and the vector diagram in Fig. 45. 

In the vector diagram (which represents the conditions for ideal 
commutation) the magnitude and phase of the apiperc-turns required to 
produce the commutating flux OZ is represented by Oq, while 0 Y repre- 
B^ts the main flux and Oi the main current. If the armature ampere- 
turns are completely compensated, then the ampere-turns on the com- 
mutating^ole must be equpd to Oq. The current in the commutating-pole 
winding must be in phase with Oq ; and il OH represents the current 
required, then OK — the vector difference of 01 and OH — ^represents 
the current in the shunt resistance. 

* See Electric Motors and Control Syatema, pp. 67-71. 
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The voltage drop Ou in the commutating-pole circuit is obtained by 
compounding Ov (which represents the E.M.F. induced in the commu- 
tating-pole winding) with vu (which represents the internal voltage drop 
due to the resistance of the winding). The value of the shunt resistance 
is then obtained by dividing Ou by the shunt cuirent 0 K, 

The results obtained by this method of excitation have been quite 
satisfactory, and, with high-speed 16§-cycle motors, the losses in the 
shunt resistance are only of the order of J to ^ of 1 per cent* of the ou^pa^ 
of the motor. With low-speed 25-cycle motors, however, the loss in the 
^hunt resistance would generally be of such a magnitude to render this 
system of excitation impracticable. 

Conditions limiting output. An important feature which affects the 
design of the single-phase series motor is that the output per pole 


E 


Fig. 44. 

Circuit and V'cetor Diagrams for Shun tod Commutating-polo Winding. 

obtainable from such a motor has a definite limiting value, as the following 
consideration will show. Thus if friction, windage, core losses, and * 
magnetic reactions are ignored, the output of the motor is given by the 
product of the dynamic E.M.F. generated in the armature by its rotation 
in the main flux and the current input to the armature. But from 
equation (15) (p. 87) the dynamic E.M.F. is given by 

E — (2l'\/2)'p(t>^Nn X 10'* 

where p denotes the numbcT of poles, the flux per pole, N the number 
of turns per armature circuit, and n the speed in revolutions per second. 
Hence the output (P) is given by 

^ El = NIn X (2/V2) X l0-« 

or PIp = ^^nNIn x (2/\/2) X**10 ® 




Fig. 45. 


* See a paper on “ Single-phase Traction,” by Marius Latour {Journal of the 
Institution of Electrical Engineers, vol. 51, p. 5 Id). An investigation of the losses 
with the above method of excitation is given in the paper (pp. 514-518). 

See also a paper on ” C^lommutation in Alternating-current Machinery,” 
by the same author (Transactions of American Institute of Electrical Engineers, 
vol. 37, p* 355). 
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Now NI is equal to the total armature ampere-turns, and may be 
expressed in terms of the armature diameter (D) and the specific electric 
loading {Q) — ^i.e. ampere-turns per unit length (cm. or in.) of armature 
periphery — ^thus NI == ttDQ. Also can bo expressed in terms of the 
transformer E.M.P., frequency, and other constants of the armature, as 
shqwn on p. 91. Effecting these substitutions, we have 

p - ( 27r -fmN, X lO’*) 

When the number of turns per armature coil {N^) is unity and th^ 
brush thickness is not greater than the width of two commutator seg- 
ments (i.c. m = 2) this expression reduces to 

PIp^-iE.DQnlf 

But if u denotes the peripheral spe(^d of the armature in fec^t p(^r minute, 
V — BO n 77 7^/1 2, W'hen the diameter of the armature is expressed in inches, 
so that nD — Hence the output equation becomes 

PIp - vQEJ^lAf (18) 

Now Q and v have definite limiting valuers, the formtT biding governed 
by considerations of heating and the latter by mechanical considerations.* 
Hence, with limiting values for v and Q, the output ])er pole is directly 
proportional to the transformer E.M.P. and inversely proportional to 
the frequency. Thus the transformer E.M.F. and frequency are very 
important features in the deftign of the motor. 

The permissible value of E^ is governed by the magnitude of the 
circulating currents allowable under starting conditions. For a given 
fn^quency the output is, therefore, restricted by the transformer E.M.F. 
Hence any features — such as resistance connections and, in certain cases, 
starting the motor with reduced flux — ^which will lead to an increase in 
the permissible value of this quantity will result in an increased output, 
provided that the heating limit is not thereby affected. 

The importance of a low frequency is again emphasized by equation 
•(18). The adoption of a specially-low frequency — such as 16f cycles — 
instead of 25 cycles, therefore, results in improved power factor, higher 
efficiency, improved commutation, better starting performance, and 
fewer poles for a given output. These advantages have been recognized 
fully by Continental manufacturers of single-phase traction equipment, 
and the standardization of a frequency of 16f t cycles, instead of 25 cycles, 
for single-phase railways on the Continent is the principal reason why 
single-phase traction has made such progress there. * 

General vector diagram for the ideal series motor. The compensated 
series motor, considered without losses, circulating currents, or other 

The peripheral speed at rated load may be of the order of from 5000 to 6000 ft. 
fjer minute, the limiting peripheral speed at light loads being of the order of 10,000 ft. 
per ‘minute. The limiting value of Q for forced ventilation and the standard tem- 
perature riio permissible in railway motors is of the order of 500 ampott>-tums per 
inch of armature jxiriphory. 

t The frequency of 16f cycles has been chosen in order to give a convenient ratio 
for the number of poles in frequency changers (which must l)e employed in tlie 
substations when the traction supply is taken from an industrial supply system of 
standard frequency, viz., 50 cycles). 
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defects, lends itself to a simple treatment in so far as the general vector 
diagram and predetermination of performance are concerned. The general 
vector diagram is readily obtained from the vector diagram of Fig. 41 
(which refers to given operating conditions), as, if the terminal voltage 
is constant and the current input is varied, the^'voltage vectors (i.c. the 
vectors representing the dynamic E.M.F., the inductive E.M.F., andetho 
reversed terminal voltage) always form a right-angled triangle of which 

the hypotenuse is of comSiSItit 



length. 

Thus if the vector diagram 
of Fig. 41 be re-drawn, as in 
Fig. 46, with the terminal 
voltage as the vector of refer- 
ence, th(5n the locus of the 
api^x, a, of the triangle? of 
int(‘rnal voltages Oea is a 
semicircle (since the angle be- 
tween the vectors Oa and av . — 
whic^h r(^pres(?nt the dynamic 
and inductive K.M.F.s, respec- 
tively — ^is always 90*^). More- 
over, if the vector 01^ per- 
pendicular to OV represents 
the short-circuit current of the 
motor (i.c. the current input 
at standstill when the terminal 
voltage is represented by OF), 
then if a semicircle is described 
upon 0/j,, and the vector Oa 
be produced into this semi- 
circle the chord 01 will repre- 
sent the current input. 

1''he performance of the' 
motor is deduced from this 


Fig. 46. — CJeneral Vector J)iagram for 
Ideal Series Motor. 


simple vector diagram in the 
following manner — 

The power factor is given 


by cos (j), or OajOe. Hence, 

as Oe is constant, the length of Oa is projwrtional to the. power factor. 

The dynamic E.M.F. generated in the armature is represented by Oa 
and is proportional to the product of the flux and the speed, but since 
the flux is proportional to the current, Oa is proportional to (current x 
spded). Hence the speed is proportional to the ratio Oa/current, or 
Oa/ae, since ae (which represents the inducljvo E.M.F.) is proportional 
to the current when the frequency is constant. If a perpendicular ‘oe 
erected on Oe at O, and ea be produced to cut it at 6, then from the 
similar triangles Oae, bOe, Oajae = ObjOe. Hence the length of Ob is 
proportional to the speed. 


The power input, and the power output, are both represented by the 
product Oe x ac x cos or by Oe x ae x Oa, since Oa is proportional 
to cos^. Now if a perpendicular ac be drawn from a to Oe, we have 



SINGLE'PHASE TRACTION MOTORS 


97 


Oa X ae (which product is equal to twice the area of triangle Oas) 
= 2(06 X Joe). Hence the length of (zc is proj>ortional to the power (input 
and output). 

The maximum oviput is given by the maximum value of ac, which 
is equal to \0e, % 

The torque is proportional to (current x flux) or (current)*, i.e. ea*. 
Now ea* = Oe X ce. Hence the length of ce is proportional to the torque, 
«K^ummarizing, we have — 

Oa is proportional to the power-factor 

ea „ „ current , 

Ob „ „ speed 

oc „ „ watts input and watts output 

ce ,, „ torque 

We are thus able to predetermine the complete performance curves 
of the motor. 

Vector diagram for a commercial series motor. The vector diagram 
for a commercial motor must include the effects of losses, magnetic 
saturation, magnc^tic leakage, and circulating currents. Now all these 
items vary with the load, so that the predetermination of the performance 
curves involves the construction of a vector diagram for each operating 
voltage and load. These diagrams are combinations of the vector dia- 
grams already given. The process, however, is not straightforward, as it is 
necessary to assume the magnitudes and phases of some of the quantities. 

As an example of the method to be adopted in a particular case, we 
will consider that the performance curves are to be predetermined for 
a commutating-pole motor for which the full design data are available. 
If curves are required only for one operating voltage, then we assume a 
range of values for the flux, and obtain the current and speed from the 
vector diagram by a process of trial and error. If, however, performance 
curves are required for a number of voltages, then values are assumed for 
both flux and speed and the current is determined from the diagram. 

set of curves is then constructed giving the volt-ampere characteristics 
at definite speeds, from which the speed-current curve for constant 
terminal voltage can be obtained. In the present case, wo will suppose 
that the performance curves are required for only one voltage. 

A value is assumed for the main flux (OYy Fig. 47a). The saturation 
amperc-tums required for this flux are represented by OB, The reaction 
ampere-tums OC (due to circulating currents) are assumed — ^in magni- 
tude and phase — in order that the field ampere-turns OA and the main, 
current 01 may be determined. 

The magnitude and phase of the current in the commutating-pole 
winding is now determined from data of the winding and the shuntjng 
resistance. Thus, in Fig. 47a, OK represents the current in the shunt 
resistance, and OH the euwent in the commutating-pole winding. The 
commutating flux is, therefore, represented by OZ, which is in phase 
with OH,* 

* If any armature ampere-tums are unneutralizod by the compensating winding 
they must bo balanced by a component of the commutating-pole ampere-tums. 
Tn this case the commutating flux will not be in phase with OH, but with the resultant 
of the commutating-pole ampere-tums (which are in phase with OH) and the un- 
neutralized annature ampere-tums (which are in phase with 01), 

4 — (3043) 
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Next the magnitude and phase of the reaction ampere-turns, 0(7, 
must be checked. The voltage producing the circulating currents is the 
resultant of (1) the transformer (2) the reactance voltage, and 

(3) the commutating E.M.F. These E.M.Fs. can all be calculated and 
are represented, in Fig. 476, by Ox (transformer E.M.F.), Oy (reactance 
voltage), and Oz (commutating E.M.F.). Hence Ow is the resultant 
voltage producing the circulating currents, and these currents may* be 
considered to be in phase with Ow. The reaction ampere-turns, ^j/7, 
Fig. 47a, du(» to tlu^ circulating currents are, therefore, in phase with Ow, 



Kif.’. 47. — Vcclor Diagram for Commercial Series Motor. 


and their magnitude (ian be determined from the magnitude of Ow and 
data of the armature winding. 

The v(Jctor diagram is completed by determining the terminal voltage 
of the motor, which is obtained from the vector polygon of internal 
E.M.Fs. in the main circuit of the motor. Thus, in Fig. 47a, Oa represents 
the dynamic E.M.F. generated in the armature by its rotation in the 
mtfin flux ; ah, he, cd, de, the E.M.Fs. due to the impedances of the exciting, 
neutralizing, commutating-pole and armature windings taken in order. 
Oe is therefore the resultant internal E.M.V. and is balanced by the 
terminal voltage OV. 

V 

General Remarks on Single-phase Series Motors 

All types of single-phase motors must be designed with a low flux 
per pole, low flux-densities, and small air-gaps. The low flux per pole is 
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required for the purpose of limiting the transformer E.M.F. at starting, 
while the low flux-densities and the small air-gaps are necessary in order 
to reduce the exciting ampere-turns and improve the power-factor. 

On account of the low flux per pole and the relatively few exci- 
tation ampere-turns, Hhe stator core has only a small radial depth of 
i|;on. 

The tsrpes oI armature windings available are — (1) the multiple- 
ii-^uit lap (or parallel) winding, (2) the two-circuit (wave or series) 
winding, (3) the multiple-circuit wave (or series-parallel) winding. Of 
these windings the first and second varieties are used largely for dire<ft- 
curront machines. For the lower voltage alternating-current commutator 
motors, however, the single two-circuit winding possesses disadvantages, 
as, for a given armature voltages and flux piir pole, a given number of 



Fig. 48. — Equalizing Coiinoctions Appliotl to Lap Winding in wliicli every 
Al tomato Coil is Equalized. 


turns per coil, and a given number of segments short-circuited by a brush, 
the winding has a higher transformer E.M.F. and a higher reactance 
voltage than either of the multiple-circuit windings. 

The multiple-circuit lap winding, with one turn per commutator 
segment, is, of course, ideal for obtaining tlie subdivision of the com- 
mutator which is required for commutation purposes. Any unbalance 
in the magnetic circuits, however, will unbalance the electrical circuits 
and cause circulating currents. But by moans of a liberal number of 
equalizing connections the circulating currents can be confined to the 
unbalanced portions of the winding. The equalizing connections inter- 
connect points in the arn^ture winding which are a double pole-pitch 
apart, and which normally should be at the same potential. Fig. 48 
illustrates the principle. In this case every alternate armature coil is 
interconnected or equalized, the interconnections being made at the 
back-end of the winding. 

Circulating currents due to unbalanced magnetic circuits are not so 
liable to be set up in multiple-circuit wave (or series-parallel) windings 
as in multiple-circuit lap windings. For satisfactory results, however. 
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a multiple-circuit wave winding must be perfectly symmetrical, and in 
the majority of cases equalizing rings are necessary.* 

The number of slots per pole in the armature and stator is important 
from considerations of interference with communication circuits in the 
vicinity of the traction circuit. This interference* is caused by electro- 
magnetic induction from the higher harmonics (having frequencies withjn 
the range of normal sj)eech frequencies) of the current in the trolley wires. 
These harmonics may be caused by the motors, in which case they 
due to (1) high-frequency pulsations of the main flux caused by periodic 
vuriation in the air-gap reluctance due to the armature slots, (2) high- 
frequency E.M.Fs. induced in the exciting winding by transformer action 
from the coils undergoing commutation. 

The air gap is determined by considerations of power-factor, and has 
a value between 2 and 4 millimetres (0-08 in. to 0-16 in.) the larger value 
being permissible only in motors of large output. In comparison, appro- 
priate values for the air-gap of direct-current railway motors arc 0-18 in. 
to 0*25 in. 

The operating voltage is closely connected with considerations of 
commutation, the limiting condition being the maximum permissible 
value of the E.M.Es. which cause sparking. Of these E.M.Fs. the principal 
component is the transformer E.M.F., the permissible value of which is 
dependent upon the subdivision of the armature winding and com- 
mutator. Consequently the number of commutator segments will, in 
general, govern the operating voltage of the motor. 

Machines of moderate outpUt can be operated at voltages between 
250 and 350 volts, and for large motors voltages up to about 450 volts 
are practicable. 

In consequence, a large contact surface for the brushes is required. 
Moreover, as the brushes must be of high contact resistance, the losses 
at the commutator form a fairly largo p(».rc(^ntage of the total armature 
losses. Forced ventilation will generally be necessary to dissipate the 
heat produced by these losses. 

With the relatively large losses in the armature, and the losses in- 
the stator, it follows that the enieitmcjy of the motor will be lower than 
that of a machine of equal output in which the losses are smaller, e.g. 
a direct-current motor. Thus, in general, the efficiency of single-phase 
motors will be several per cent lower than that of direct-current motors 
of equal rating. In some cases, however, the increase in weight is not so 
great as might be anticipated. Obviously, to obtain a correct comparison 
*we must have similar conditions in each case. For example, not only 
should the output and speed be equal in the two cases, but the efiiciency, 

C The design of multiple-circuit wave windings with equalizing rings is discussed 
fully in an article by Professor E. Arnold on “ Series -Parallel Armature Windings 
with Equipotential Connections,” The Electrician, vol. 67, pp. 322, 460. See also 
” The Theory of Armaturo Windings,” by Dr. S. P. Smith, Journal of the Inatitut^n 
of Electrical Engineers, vol. 66, p. 18. 

The general equation for wave windings is , 

y - 2Klp ± c/p 

in which y denotes the winding pitch at the commutator, K tlio number of com- 
mutator segments, p the number of poles, and c the numl^er of circuits. 

To obtain perfect symmetry it is necessary that pic and 2Klc shall be whole 
numbers. 
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temperature rise, and ventilation should also be identical. The following 
comparative weights refer to actual motors of the ventilated type, but 
the speeds and efficiencies are not identical. The figures, however, will 
enable a general comparison to be formed between commercial motors 
for motor coaches and tocomotives. 


TyiJe. 


Direct-current, axle -mounted, 
mounted, geared motor 
Single-phase, scries, axlo- 
mounted, geared motor 
Direct-current, frame -mounted, 
geared, locomotive motor 
Single -phase, series, frame - 
mounted, geared locomotive 
motor .... 


l-hoiir RsitiiiR. 

at Hail'd 
Load. 
Per cent. 

h.|». j 

V<4ts. j 

r.p.in. 

160 

GOO 

1 

500 

87-5* 

150 

235 

625 

81* 

950 

1350 

500 

94t 

775 

410 

580 

1 

90t 


Power- Welsht of 
fut;tor at Motor 

K.ate<l without 

Load. Uears. 

Per rent. Lb. , 

I 


4300 


HG 5600 


12,000 


94 13,600 


♦ Including gearing. t l^^xcluding gearing. 


Operation of single-phase motors on direct-current circuits. As the 

alternating-current series motor is identical in principle with the direct- 
current series motor, it follows that the former type of motor is capable 
^f operating on direct-current circuits. Tl'he neutralizing (or compen- 
sating) winding, however, must be excited conductivcly from the main 
circuit, as this winding is essential to satisfactory operation with direct- 
current (on account of the high armature ampere-turns). Moreover, with 
motors of the non-salient-polo type, it will bo necessary to provide a 
commutating field for direct -current operation. 

Examples of the operation of alternating-current series motors on 
alternating-current and direct-current circuits are referred to in Chapter 
X, The motors are of the Westinghouse type (see p. 102) with salient poltjs 
and are installed on certain locomotives of the New Haven Railroad. 
These locomotives have to operate over the single-phase linos of the 
New Haven road, and also over the direct-current lines of the New York 
Central Railroad. The dual operation, however, leads to considerable 
complication in the control, as well as to increased weight. 


Examples of Single-phase Railway Motors 
American motors. The simplest type of single-phase railway motor 
in operation is that developed by the Westinghouse Companies. TJiis 
motor is of the non-commutating-pole type and is built with salient 
poles. The stator laminatiojis are assembled in a cast-steel frame, which 
cafties seatings for the frame-heads and the axle-bearings. As the frame 
is not required for magnetic purposes, a skeleton construction is adopted, 
and large Apertures are arranged in the frame at the back of the stator 
core for the purpose of cooling the latter. The skeleton construction of 
the frame is well shown in Fig. 49, which refers to a 12-pole motor of 
315 h.p. for locomotive service. 

Fig. 50 is a cross-section of a 180-h.p., 6-pole, Westinghouse motor. 
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showing tho general design of tiie armature and stator. An examination 
of the armature slots will show that they are of the partially closed type 
and arc of two widths. The wider portion (jf the slot contains the 
armature conductors proper, while the narrower portion of the slot contains 
the resistance connections, which connect the arnfature conductors to the 
commutator segments. In winding the armature, these resistance con- 
nections are first placcid in the slots and connected to the commutator 
segments. l^h() armature coils are then placed in the slots with the t^pr^n 



Fig. 49. — Wostinghoiiso Siiigle-pliaso Series Motor witJi Armature Removed. 


enrls of the coils away from the commutator, i.c. just in the reverse 
manner to that adopted in winding a direct -current armature. The open 
ends of the coils arc then connected together in the correct order, and 
are finally connected to the resistance connections. 

^ The object of placing the resistance connections at the bottom of the 
slots is that the slot may be made narrower at the lower portion, and 
consequently a larger cross-s(^ction is obtained at the root of the tooth 
than with a slot of uniform width. 

The stator windings of these motors are of interest, as they differ in 
certain respects. The compensating winding is of the distributed type, 
with concentric coils, and is similar to the winding shown in Fig. 39 
(p. 85). In some of the older motors which were intended for operation 
only on alternating-current circuits, each turn of this winding was short- 
circuited upon itself, but in modern motors, and also those intended for 
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operation on direct-current circuits, the winding is connected in series 
with the armature and exciting windings. 

The exciting winding of the motor shown in Fig. 49 consists of six 
coils, which are wound on alternate poles ; the coils being connected in 
series to give like magnetic polarities. The development of a portion of 
the stator windings is shown in Fig. 51. „ 

The exciting winding of the motor shown in Fig. 50 also consists of 
six coils, but in this case there is one coil to each pole. The development 
of the windings is shown in Fig. 52. 

* The reason for adopting a consequent -pole exciting winding for the 
largf'T motor will be apparent from a brief consideration of the inherent 




Fkjs. .*)!, 52. — Oovoloprnonts of Exciting Hud Compoii8ating Windings for 

O-polo Motor. 


featuK's of singk^-phasc stories motors. Thus the saturation ampere-turns 
jjer pole required at rated load are low and the current is large. For 
example, suppose that 1500 ampere-turns per pole have to bo supplied 
with a current of 1000 amperes. If each pole is wound wdth an exciting 
coil, then one and a half turns per coil will bo required ; but if only alter- 
nate poles are w^ound, then three turns per coil will be required.* The 
latter method is more convenient than the former, and possesses several 
constructional advantages : thus, (1) all coils are interchangeable (i.e. 
they are all of the same shape and are wound in the same direction) ; 
(2) fewer connections are required between individual coils ; (3) the con- 
nections between adjacent coils are all at the same end of the machine 
(see Fig. 50) ; (4) with split-frame motors, in which the number of pairs 
of polos is even, no split coils are required,* the stator being split along 
the centre line of the pole faces of two unwound poles. 

If, however, all poles were provided with exciting coils, viz., one and 

♦ For machines in whicli tho polar surface is continuous the full number of coils 
may be us(*d. and a convenient number of turns per coil may be obtained by adopt- 
ing a Bories-})aral1el <^r parallel grouping of the coils. This arrangement is not 
desirable in machines with salient poles owing to the possibility of circulating 
currents due to a slight dissymmetry in the positions of the coils or their connections. 
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a half turns per coil, alternate coils would have to be wound in opposite 
directions, and the connections between these coils would be alternately 
at the commutator end and at the pinion end of the machine, as shown 
in Fig. 52. 

The motors are forced ventilated, the air being admitted through an 
opening at the pinion end of the frame and discharged through apertures 
at the commutator end of the frame. With the motor illustrated in 
1^. 49 the air is circulated through the interior of the motor by means 
of a fan on the armature and suitable baffle plates, the air being expelled 
through the apertures in the frame. In this motor the armature core 
and commutator are provided with longitudinal ventilating ducts only. 

European motors. On account of the number of European manu- 
facturers of single-phase motors and the general similarity in their design 
and construction, we shall give only a few typical examples. In general 
the stators have non-salient main poles and commutating poles. The 
(ixciting winding in some motors is of the concentrated typo and in other 
motors is distributed in two or three slots per pole. The commutating 
poles are excited according to the method shown in Fig. 44. The arma- 
tures have a multiple-circuit armature winding with equalizing con- 
nections. Resistance connections are employ(‘d only in motors of small 
and moderate output. 

Siemens-Schuckert. Sectional drawings arc given in Figs. 53, 54 
of a typical axle-mounted geared motor for locomotive and heavy motor- 
coach service ; and Fig. 55 is a view sluAving the motor mountijd on the 
axle with the suspension bar in position. The raotoi is built with eight 
poles, is forced ventilated, and its continuous rating is 175 h.p.at 325 
volts. 

Various details of construction are shown in Figs. 53, 54, of wliich 
two mechanical details of special interest are the roller bearings for the 
armature shaft and the mounting of the gear-wheel upon an extension of 
the hub of the driving wheel. Roller bearings possess two important 
^ advantages over sleeve bearings for single-phase motors, viz. (1) the 
bearings have a long life, and, since the permissible wear is very small, 
the armature is maintained truly concentric with the stator, so that 
circulating currents in the (multiple-circuit) armature winding — w^hich 
would be caused by unbalancing of the magnetic circuits as a result of 
inequalities of the air gap due to wear of bearings — ^are reduced to a 
minimum ; (2) the short axial length of the bearings enables practically 
the whole of the axial length of the motor frame to be utilized for electrical 
purposes. The principal electrical features of interest are : The armaturci 
has a diameter of 693 mm. (27’3 in.) and is wound with a multiple- 
circuit bar winding having one-turn coils and equalizing connections, *the 
equalizing rings being located in the back end-flange of the armature. 
iiP special feature of the armature winding is the large number (over 400) 
of coils and commutator segments, in consequence of which the trans- 
former EfM.F. induced in the coils undergoing commutation is of such 
small magnitude that resistance connections are unnecessary. 

The armature core is built upon a spider, which is extended to carry 
the commutator. Longitudinal ventilating ducts arc provided between 
the core and spider, and also in the commutator. A ventilating duct is 
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also provided under each slot for the purpose of cooling the armature 
winding. Air is drawn through these ducts by a double fan fitted to an 
extension of the front V-ring of the commutator i the aii being supplied 



fKio. 55. — Siomciis-Scliuckert Hingle-phase Axle -mounted Motor in Position 

on Driving Axle. 

by a blower to the pinion (itid of the frame and discharged through circufn- 
ferential apertures in the cominutator-end frame-head. The inlet and 
outlet openings can be seen in the view of the completed motoi* (Fig. 66). 
The air gap is 3*6 mm. (0-138 in.). 

The stator has a continuous polar surface which is slotted for the 
compensating, exciting, and commutating-pole windings. The com- 
pensating wiping is distributed in six partially-closed slots per pole. 
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but the exciting and commutating-pole windings are concentrated, and 
together occupy two slots per pole. These slots are of the open type and 
are of larger size than those for the neutralizing winding. Tht^ intervening 
tooth forms the commutating pole, a suitable pole arc being obtained by 
composite slot wedges of whieh the portions adjacent to the commutating- 
p^le tooth are of magnetic material. A diagram is given in Fig. 56 to 
show the arrangement of the slots and windings fr)r a pair of poles. The 
commutating-pole winding is shunted with a non-inductive resistance. 

Ventilating slots or tunnels a^(^ arranged adjacent to the slots con- 
taining the compensating winding (except for those slots adjacent to the 
axle, where insufficient space is available) and air is drawn through those 



Fici. .56. — Arrangomont of 8l()t.s ami Stator Wiiutings of Sic*m(*riR-S(*huckort 

Motors. 


slots by the double fan fitted to the commutator. This method of cooling 
is employed extensively by Messrs. Siemens-Schiiekert in other types of 
alternating-current machines. 

Larger frame-mounted motors for locomotives possess similar elec- 
trical features to those of the motor discussed. 

Allmiina Svenska Elektriska Aktiebolaget (Swedish General Electric 
Co.). A typical large locomotive motor, arranged for frame mounting 
and side-rod drive, will bo considered, the general eh^ctrical features of 
this motor being common to other (smaller) motors of A.S.E.A. manu- 
facture. The motor has 12 poles and its one-hour rating is 830 h.]). at 
390 volts, 16^ cycles, the armature speed being 730 r.p.m. 

The stator is illustrated in Fig. 57 and possesses the feature that it is 
oonstructed independently of the frame. The laminations are rigidly 
bolted between steel end rings, and the external surface of the cor8 is 
machined to fit the frame or housing (which is split and is built into the 
fimme of the locomotive). 

The compensating winding is distributed in six slots per pole, and the 
twelve grcnips of coils are connected in parallel. The exciting winding is 
distributed in two slots per pole, the coil sides occupying the bottom of 
the slots containing the commutating-pole winding and also the bottom 
of the adjacent slots (which are specially deepened) of the compensating 
winding. Fig. 58 shows the arrangement of the slots and windings. 
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The eomniutating-pole winding occupies a portion of the large slots which 
can be seen in the view of the unwound stator. The twelve groups of the 
exciting winding are connected in parallel and the twelve commutating- 
pole coils are also connected in parallel, this (parallel) connection of the 



FiCJ. 57. - Slator ('oi\) and Cumplotod Slator of Swedish (Teiioral-Jilectric 
S initio. phase Motor. 

coil groups being necessary on {Recount of the heavy current of the motor. 

All the stator slots are of the parti ally-closed typo, and, in consequence, 
special arrangements are nc'e('>ssary for carrying out the winding. The 
exciting winding is placed in position first. The coils are of the “ hairpin ** 
type and arc shaped and insulated (over the slot portion) before being 



Fic. 58. - -Arrangement of Slots and Stator Windings of Swedish 
({oiioral-Electrie Single-phase Motors. 

• (C, Coiuniulatiiig-polc Wiiiding : E, Kxclling Winding ; Coini)ensating 

Winding.) 

f 

pushed into the slots. After insertion in the slots the open ends of flhe 
coil are connected and the end connections are completely insulated. 
The commutating-pole winding is next wound, each turn bding drawn 
through the slots by hand. Finally the compensating winding (the coils 
of which are of the hairpin type) is placed in position. 

The armature, has a one-tum bar winding with twelve circuits. 
Special features of the winding are (1) the shaping of the front ends of 
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the coils so that they can be soldered directly into lugs formed on the 
commutator segments, (2) the large number of equalizing connections, 
every alternate armature coil being interconnected, (3) the use of solid 
conductors in the bottom of the slots and split conductors — t^ach having 
a double cross-over {|^milar to Fig. 19 (p. 56) — ^in the top of the slots to 
minimize the eddy-current loss in the conductors, as the slots are of the 
open type. 

The front ends of the armature coils are shaped over the front armature 
flange in the manner shown in Fig. 59. This construction possesses 
important advantages over the usual construction — ^in which the front 



Fig. 59. — Longitudinal Section of Swedish General -Electric Single-phase 

Motor. 


coil-ends arc straight and arc soldered to commutator risers — as not only 
is the number of soldered joints at the commutator-end of the armature 
halved, but these joints are placed whore the conditions for cooling are 
good. The elimination of commutator risers and their soldered joints at 
the periphery of the armature gives increased reliability, as, owing to 
space restrictions, high operating temperatures — of the order of»120® 
to 150° C. — are usually unavoidable in large motors. 

• The equalizing connexions are arranged in the form of a double-layer 
evolute winding which is located in the back armature flange. 

A special feature of the armature core is the skewing of the slots. 
The slots are skewed a slot pitch in order to prevent pulsations occurring 
in the main flux, as, with unskewed open slots, periodic variations of the 
reluctance of the air gap would occur with the rotation of the armature, 
and would, therefore, cause pulsations of the flux. Such flux pulsations 
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would produce corresponding pulsations in the induced E.M.Fs., and 
similar pulsations would occur in the current, which would affect com- 
munication circuits running parallel to the trolley wires. 

Fig. 59 is a longitudinal section of a smaller (470 h.p.), frame-mounted, 
twin -geared, locomotive motor which has the same general electrical 



Fio. 60. --Oorlikon Axle-mount-eil Siriglo-phasc^ Motor. 


features as the motor discussed, but is built complete with frame and end 
shields. 

Oefiikon. Typical modern motors for motor-coach and locomotive 
equipments are shown in Figs. 60, 61, and tlje completed stator of a 
16-pole locomotive motor is shown in Fig. 62. The arrangement of the® 
stator slots and windings is similar to that of Fig. 56, but in the present 
CMC the exciting winding is of the whole-coiled type and the compensating 
^nding is distributed in five slots per pole. Completed coils, ready for 
insertion in the slots, are shown in Fig. 63. The compensating coils are 
of the “ hair-pin ” concentric type, and arc pushed through the slots. 
The coils of the exciting winding are placed at the bottom of the wide 
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slots adjacent to the commutating pole, and the coils of the commutating- 
pole winding occupy the top of these slots. 

The armature winding consists of one-turn, two-piece, bar coils, of 
which the lower portion is thinner and deeper than the upper portion. 
The lower bars are formed straight at the commutator end, and are bent 
at the back end: they are inserted axially into the upper portion of the 
nearly closed slot (which is wider than the lower portion to correspond 
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to the different widths of the coil sides), and are then pressed down 
radially to the lower portion of the slot. The equalizing rings are con- 
structed as a separate unit with a supporting ring which is bolted to the 
armature back-end flange. 

The brush-gear is very rigidly mounted. The brush-holders of* the 
same polarity are fixed to^raclial brackets which form j)art of a massive 
bus-ring concentric with the commutator. The two bus-rings are fixed to, 
but insulated from, a yoke-ring, which is seated in a recess formed in the 
end-shield. The yoke-ring is provided with teeth which gear with a pinion 
located in the upper part of the end-shield, and the pinion can be operated 
by means of a handle (normally detached). The yoke-ring is normally 
locked in position by means of a locking plate engaging a slot in the 
end-shield. By removing the locking plate and the external connections 
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from the bus-rings, any part of the brush-gear may be brought into a 
position convenient for inspection, cleaning, or repairs. 

The characteristic curves of a motor — crated at 645 kW., 380 V., 
660 r.p.m. — designed for express passenger locomotive service (individual 
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Fig. 66a.- -Speed-tractivo-effort Characteristics 
of Oerlikon Motor. 

axle geared drive) are shown in Fig. 64. The efficiency curve refers to 
th« output at the armature shaft, and does not, therefore, include the 
losses in the gearing. The dotted curve indicates the limit of sparkless 
commutation. 

The speed-output curve of this motor is shown in Fig. 65;i, the output 
at various speeds being the continuous output corresponding to a tem- 
perature rise of 76® C. (by thermometer) in the hottest part of the motor. 
The output is limited by the stator temperature at speeds below 20 kM. 




114 


ELECTRIC TRACTION 


per liour, and by the armature temperature at higher speeds. The manner 
in which tlu! permissible tractive effort is affected by the heating of the 
various parts of the motor is shown in Fig. 65^, in which the straight 
line A represents the tractive-effort at various speeds which would be 
permissible from considerations of stator heating only, and curves B 
and C the permissible tractive-effort from considerations of commutator 
and armature heating, respectively. 


Brown-Boveri. This firm — which in the early days of single-phase 
railway ekictrifi cation successfully developed and applied the Deri brush- 
sRifting repulsion motor to locomotive and motor-coach services* — has. 



Fia. GO. — Longitudinal Section of Brown-Boveri 690-h.p. Single-phase Motor 
for Froiglit Locomotive. 


in recent years, concentrated upon the development of the series motor 
in view of the standardization of this type of motor by the Swiss Federal 
and other continental railways. Until quite recently the motors were 
of the usual type, having a distributed compensating winding, an exciting 
winding, and a series commutating-pole winding shunted with a non- 
inductive resistance. These motors were developed especially for loco- 
mefeives and were frame mounted, totally enclosed, and forced ventilated. 
The armatures of the motors were usually fitted with resistance con- 
nections, which consisted of grid-shaped stampings of high-resistance 
material fixed to mica plates, and mounted between the front con- 
nections of the armature and the commutator, as shown in Fig. 66, 
which is a longitudinal section of a 690 h.p. motor specially designed for 

* The applications of Brown-Boveri-D^ri motors to those services were described 
in the first edition of this work. The theory of the D^ri motor, together with its 
control and performance as applied to electric traction, is discussed in Electric Motors 
and*&ontrol Systems. 
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shunting locomotives. This drawing shows the method of mounting the 
armature in roller l)earings and other details of construction. 

A few details of the roller bearings— which are of S.K.F. manufacture and 
have given satisfactory service for a number of years — may be of interest. 
The diameter of the arnwiture shaft at the bearing seatings is IfiO mm., and 
herring-bone pinions are fitted at each end of the shaft. The bearings had to 
be *designed for a maximum radial load of 5,100 kg. at 550 r.p.m., and to 
withstand a thrust load of 2,000 kg. for a period of 15 minutes. Moreover, an 
<md play of between 1.5 to 2 mm. was necessary. 

The inner races have a flange at one end and are pressed on to the shaft 
with these flanges facing inwards. The outer races have flanges at each encf, 
and fit into mild steel bushes carried in seatings in the end shields. These 
bushes are provided with tapped holes to facilitate their i*emoval together 
with the outer race in case of a replacement being necessary. AVhen the c*nd 
caps are tightened up the outer races have a lateral play of 0-2 mm. 

The seals between the shaft and the end caps are of the labyrinth type, the 
radial clearance being 0-2 mm. (0-008 in.). A heavy oil is used as a lubi*i(!ant. 

The armature shaft (when cold) was given in each bearing an end play of 
0-7 mm., which together with the end play allowed for the <niter races, gives 
a total end play between armature and stator of 1*8 mm. UihUm* working 
conditions, however, owing to the difT^rence in tin? (expansion of armature 
shaft and frame, the actual end play is 1*4 mm. 

Recently, however, large motors (of about SOO h.p.) have been 
developed which are a radical departure from the conventional design, 
the customary distributed compensating winding Ixdng omittcxl and the 
motors having only exciting and commutating- pole windings. This 
radical change in the d(‘sign has been rendered possible by the adoption 
of a large number of poles. The relatively small ])ole-pitch tlHU’c^by 
obtained permits the armature magneto-motive force to be neutralized 
by a concentrated winding which can bt^ incorporated with, and in i)ractice 
actually forms part of, the commutating-pol(‘ winding. 

The employment of a common winding for neutralizing and com- 
mutating purposes n^quires the provision of a larger number of ampere- 
turns in the winding than would be necessary if separate neutralizing 
and commutating windings were adopted, owing to tlu^ phast‘ dilTenuiets 
which exists between the ampere- turns for neutralizing armature reaction 
and those for supplying the commutating flux. 

For example, the former must be in phase-op 7 >osition with the arma- 
ture ampere-turns, and the latter must have a j)hase difference of perhaps 
30^ to 50° with respect to the neutralizing ampere-turns. Hence if the 
phase of the current in the common winding is adjusted to give the 
correct phase for the commutating flux, and if are the ampere- 

turns necessary separately to supply the commutating flux and to neu- 
tralize the armature ampere-turns respectively, then the actual ampein?- 
turns to be provided by the common winding will be -j- (. /„/cos 0), 
whgre 0 is the phase differendl^ between the neutralizing and commutating 
ampere-turns. But this apparent disadvantage is more than compensated 
by the sim];|ler and cheaper construction, and in practice the amount of 
copper in the stator is actually smaller than in a stator of the same 
dimensions provided with separate compensating, exciting, and com- 
rautating-pole windings, owing to the very short end connections of the 
now arrangement of the windings. 

Fig. 67 shows a partially-wound stator which has 16 poles. The 
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windings are located in large partially-closed slots, which divide the 
polar surface of the stator into main and commutating poles. The exciting 
winding is placed in the bottom of the slots first and the commutating- 
pole winding is then wound in the upper portion of the slots (i.e. nearest 
to the armature). This arrangement, although •necessitating drawn-in 
hand windings, gives not only lower leakage reactances for the com- 
mutating-pole, exciting, and armature windings, together with a lower 
magnetic leakage between the commutating and main poles, but also 



Fig. 67. — Partially-wound Stator of Brown-Boveri Single-phase Motor 

With KxcitiiiK (/!?), and Combined Compensating uml Cummutatlng-polc (C) ‘ * 

Winfiings. 

smaller T^R losses in the commutating-pole circuit than if the windings 
were placed side by side in the slots. 

The armature has a multiple-circuit winding with equalizing connec- 
tions, and the front ends of the coils arc shaped over the front armature 
flange and soldered directly into lugs formed on the commutator 
segments. Moreover, these connections are exposed, so that the cooling 
air which is blown through the armature core may escape through them 
apd assist in cooling the commutator. 

Fig. 68 shows external views of the motor. The end-shields are of 
cast steel ; they carry the armature (sleeve) bearings and are provided 
with feet for supporting the motor between the side frames of •’the 
locomotive. 

The brush-gear is fixed to a yoke-ring which is centred in the com- 
mutator end-shield and is fitted with a worm and worm-wheel, so that, 
w'hcn necessary, any set of brushes can be brought to the inspection 
opening (which is normally closed by a segmental cover of aluminium). 

, fhe power is transmitted through single-reduction spur gearing, which 
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is arranged outside the driving wheels, according to the Brown-Boveri 
system described in Chapter XVIII. Thus the whole space between the 
side frames of the locomotive is available for the motor. 

The characteristic curves of the motor are given in Fig. 69 ; the 
curves refer to the Autput at the armature shaft, and the efficiency 



i5’iG. 68. — Brown-Bovori Single-pliase Motor for Express-passongor Locomotive. 

includes All the losses in the motor but does not include the losses in the 
gearing nor the power required by the external blower. 

The advantages of the new design compared with the conventional 
design with fewer poles and a distributed compensating winding may be 
summarized thus — 
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Simpler and cheaper construction ; larger output for given external 
dimensions and speed (due to a longer armature core being possible in 
consequence of the shorter overhang of the end connections and the 
shorter commutator) ; higher efficiency (due to the lower PR losses in 
the windings for a given output in the two cases) ; good commutation 
over a speed range (with voltage control) of 1 : 3 ; a reduction of abo«t 
20 per cent in the exciting ampere-turns ; a steeper speed-current 



I^mperes 

Fto. (59. 'Cliaracteristic Curves of J}ro\%Ti-Bovori Singlo-phaso Motor. 


curve ; and less distortion of the current wave-form as a result of the 
elimination of slots in the main pole faces. 

The good commutation over the wide speed range is due to the smaller 
transformer E.M.F. in the commutated coils of this motor (owing to the 
employment of a smaller flux per pole in consequence of the larger number 
of poles), and also to the wave-form of the current being almost sinusoidal. 

The power-factor of the motor is practically equal to that of a motor 
of the same rating with the conventional*^ distributed compensati(^g 
winding, as the reactance caused by the imperfect neutralization of the 
armature magneto-motive force is practically balanced by jthe lower 
reactance of the exciting winding. 

The wide speed range over which good commutation is obtained is 
especially advantageous for locomotive service, as it enables a given 
locomotive to operate satisfactorily mixed traffic, e.g. express passenger 
traffic, local (medium speed) passenger traffic, and goods traffic. 




CHAPTER VI 

POLYPHASE TRACTION MOTORS 

The only type of polyphase motor which has been applied to electric 
traction is the three-phase induction motor.* This motor possesses a 
“ shunt ** (or constant-speed) characteristic, and, when speed regulation 
is required, the regulation can only bo obtained econo7mcally by the u«e 
of auxiliary machines or additional windings on the motor. Therefore 
the polyphase induction motor is entirely unsuitable for suburban 
services. The machine is, however, suitable for main-line long-distance 
services, where the stops are infrequent and the acceleration is un- 
important. Moreover, with polyphase induction motors, efficient regen- 
erative braking can be obtained without complication of the control 
apparatus, and therefore these motors are eminently suitable for service 
on mountain railways. In fact, it is on railways of this nature that the 
greatest development of the three-phase traction motor has occurred. 

The adoption of three-phase motors requires at least two trolley 
wires (the track rails forming the third conductor), but in the case of 
mountain railways the disadvantages of the duplication of the overhead 
construction are compensated by the facility with which regenerative 
braking can be obtained, f 

Although the constaiit-spv'^ed type of jftilyphase motor may be suitable 
for handling certain classes of traffic, nevertheless, for satisfacory 
working, it is desirabki to provide two or more efficient running speeds. 
The provision of a number of efficient running speeds will also lead to 
economy during the starting and accelerating periods. 

In practice, the economical methods of regulating the speed of 
polyphase induction motors an? limited, and for the purpose of discussing 
these limitations we will now state the fundamental relations between 
the speed and torque, as given by the following equations — 

(1) Speed . n=^ =f(l-s)/^p . . . (19) 

(2) Torque . sT =:= mi^ cos 

= + ( 20 ) 

(3) Power input to rotor . Pg = ^ 2^2 h ■ ■ (21) 

(4) Power dissipated in rotor — 

(i.e. rotor Pit loss) . P^ = SE 2 I 2 ~ ^^2 = ^ 2 " ^m) (22) 

= . . . (22a) 

* Although tlio tlirec-phase variable-speecl eorninutator motor lias boon applied 
to industrial service, it has received no application to traction service. This motor, 
hwever, is more costly, largorf and less elficient than an induction motor of equal 
rating, while tlie necessity for a commutator and brushes introduces difficulties into 
the design and operation of a similar natiu« to those connected with single -pliase 
commutato# motors. 

The types of polyphase commutator motors and their characteristics arc dis- 
cussed very fully by Mr. N. Shuttle worth in a paper on “ Polyphase Commutator 
Motors ” {JoumeU of the Institution of Electrical Engineers^ vol. 53, p. 439). 

t Regenerative braking is also possible with single -phase commutator motors 
— as explained in Chapter XII — but this entails additional control apparatus. 
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(5) Mechanical output = (1 - 5)P2 = (1 ~ cos (f>2 

. . . (23) 

(6) Electrical cfficicncjy of rotor y] 2= ^ - s . . . (24) 

where n is the speed of the rotor in revolutions per second, 

Ug the synchronous speed of the revolving field in revs, per sec., 

J the frequt^ncy of the supply current, * 

p the number of poles, 
s the slip (= (n., - n)lna), 

^ the gross torque, 

O the flux per pole, 

Pg the E.M.F. induccid in the rotor at standstill, 

1 2 the current in the rotor, 

<f>2 th(^ phase difference between E.M.F. and currtint in rotor, 

J?2 the I'esi stance per phase of the rotor, 

X2 th(‘ reactance per phase of the rotor at standstill, 
and Ky if 2* ^3 constants. 

At stai'ting (.s = 1) the torque is given by 

.... (20a) 

and at normal speed the t()r(|U(' is approximately given by 

== K,<D^s/R2 (206) 

since, owing to tlic small value of the slip under these conditions — which 
is of the order of ()*03 — the reaGtance (sAg) of the rotor circuit is usually 
very small in comparison with the n^sistance of this circuit. 

The torque can also be expressed in terms of the rotor PR loss (Pr). 
Thus, from equation (22a) the torque at starting (s = 1) is given by 
S’, = 2 ?Pr A4, and the torque when running is given by 
where A4 = 1 //A'3. 

Speed control. Considering only supply systiuns of constant frequency 
equation (19) shows that there ar(5 two methods of ri^gulating the speed 
of an induction motor, viz. (1) by varying the slip, (2) by changing the 
number of pohjs. The spt^'d variation obtained by the separate use ’of 
either of these methods is limited, but by the combination of the two 
methods a large speed variation can be obtained. 

When speed control is obtained by varying the slip the maximum 
speed is equal to the synchronous speed : but when pole changing is 
employed the motor will possess a constant-speed characteristic for each 
set of poles, and intermediate speeds will have to bo obtained by varying 
the slip. 

*When speed n^gulation at constant torque is to be obtained by 
variation of the slip, the electrical power expended in the rotor circuit is 
proportional to the slip. (Equation (22a).) iut this energy need not •be 
wasted in rheostats, as it can be utilized in the form of mechanical or 
electrical energy by means of either another induction motoiror a com- 
mutator machine connected in cascade with the motor to be regulated. 
In each case the slip energy must be delivered either to the shaft of the 
main induction motor or to the supply system, but in the latter case a 
motor-generator set is required, in addition to the auxiliary or cascade 
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machine, to convert the slip energy into electrical energy having the 
same frequency and voltage as the supply system. Although each system 
has been applied to industrial plants, only the cascaded-induction motor 
system has been applied to electric traction, and the principal develop- 
ments in this direction have occurred on the Continent. 

• 

Cascaded-induction motors. The cascade connection of the main or 
primary motor (the speed of which is to be regulated) with another 
induction motor (called the secondary motor) requires the two rotors to 
be mechanically coupled or geared together. For example, the rotonrs 
may be mounted on the same shaft or on separate shafts, but in the 
latter case the shafts must be geared or mechanically connected together. 



•The rotor of the primary motor must bo provided with slip rings, and 
the rotor of the secondary motor may be of a similar type, or of the 
squirrel-cage type. 

In the cascade connection the stator winding of the primary motor 
is connected to the supply. The slip-rings are connected to the stator 
winding of the secondary motor, and the rotor winding of this motor is 
connected to a rheostat, as indicated in Fig. 70.* The rheostat enables 
the speed of the sot to bo regulated up to the cascade synchronous speed , 
which, if each motor has the same number of poles, is equal to one-half 
of the synchronous speed of the primary motor. 

Thus, consider the set running light, with the rotor of the secondary 
motor short-circuited, and let pg denote the number of poles in the 
piimary and secondary motors respectively. Then, if / is the frequency 
of the supply system and a is the slip in the primary motor corresponding 
to cascade synchronous speed, the speed of this motor will be /(I - «)/JPi 
revolutions per second. The frequency supplied to th(^ secondary motor 

* It is not essential that the rotor of the primary motor bo connected to the stator 
of the secondary motor, as the two rotor windings may bo connected together and 
the rheostats connected to the stator winding of the secondary motor. 
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is/jg* therefore the synchronous speed of this motor will be f 8 lip 2 
revolutions per second. 

Since the two rotors are mechanically coupled together, the ratio of 
their speeds is constant, and, if both rotors are fixed to the same shaft, 
then/s/Jpg =/(l - whence s = pJiPi + p 2 )- 

If each motor has the same number of poles, the minimum slip of the 
primary motor cannot have a value less than 50 per cent, i.e. the cascade 
synchronous speed is one-half of the synchronous speed of the primary 
motor. Generally the cascade ssmchronous speed, in revolutions per 
second, is given by 


"" fliiPi I P 2 )* .... (25) 

It is possible, therefore, to obtain two economical speeds, but inter- 
mediate speeds will have to bo obtained by regulating the slip by means 
of rheostats. If, however, both motors are wound with pole-changing 
windings a larger number of economical speeds can be obtained. 

The mechanical outputs of the cascaded motors when running with 
normal slip in the secondary motor are approximately proportional to 
the numbers of poles in the motorsj. Thus if Pg' is the power supplied 
to the rotor of the primary motor, and is the slip, the mechanical output 
of this motor is P^' — (1 Hence, if the PR losses in the rotor 

and stator circuits of the primary and secondary motors are ignored, the 
power supplied to the rotor of the secondary motor is equal to 

P,'-P^' =5iPg% 

and, then'fore, the mechanical output of this motor is 

IV' = (I 

where ^g is the slip of the secondary motor. 


Wh(mc(’! 


PJ "" nin/ n, " n, ’ 


where are the synchronous and cascade synchronous speeds respec- 

tively, and n is the speed of the set. 

If, however, the slip, .Sg, is small, n is approximately equal to and 
in this case 


Pm /'Z 

P,l' ” ' ¥1 


(26) 


Hence, if each motor has the same number of poles, the total power 
deyploped by the cascaded motors is divided approximately equally 
between the two machines. Actually, however, owing to losses in the 
stator and rotor circuits, the power develoi)ed by the secondary motor 
will be slightly less than that developed by the primary motor. ‘ 

• In deriving this equation, we have tacitly assumed that the direction of 
rotation of the motors (when supplied separately) is the same. If the secondary 
motor is connected so that it tends to rotate in the opposite direction to the primary 
motor, the motors are said to be connected in “ differential cascade,” and the cascade 
synchronous speed imder these conditions will bo given by 

i Wc fIliiPi- Pi)i 
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The principal objections to speed regulation by the cascade system 

are — (1) two motors are required,* which, if they are to operate in 
parallel (at speeds between cascade synchronous speed and full speed), 
must have the same number of poles, while the stator windings of the 
secondary motor must be capable of operating with the full supply 
vpltage and also with the rotor voltage (corresponding to cascade syn- 
chronous speed) of the primary motor ; (2) the low power-factor of the 
combination. 

It is not essential that the two motors should have separate frames, 
as, when the rotors are mounted on the same shaft, the two stators may 
be combined in a common frame. This form of construction, however, 
can only employed for railway motors of small and moderate outputs 



Kin. 71. Power-faetor Curve.«t for Ctiscade and Parallel Opr ration of 
Brown- Ho veri 1000 kW. Induetiori Motors. 


•on account of the spa(;c restrictions imposed by locomotives. It was 
employed by Ganz & Co. in some of the early locomotives built for the 
Italian State Railways, but is not now employed on account of the large 
sizes of the motors in the present-day locomotives. 

The low power-factor is due to the magnetizing current of the 
secondary motor being superimposed on that of the primary motor. 
It is necessary, therefore, to design each motor for a low magnetizing 
current and low reactance, the attainment of which is facilitated by a 
low frequency of supply (e.g. I6f cycles). 

The effect of frequency on the power-factor of cascaded motors is 
shown in the curves of Fig. 71, which refer to large (1300 h.p.) 16§- and 
45-cycle, three-phase, loconjotive motors built by the Tcicnomasio Italiano 
Brown-Bo veri. 

The power-factor of the motors when operating in cascade and in 
parallel is* also shown, and the reduction in power-factor due to cascade 
operation can, therefore, be determined. 

* In some special cases cascade ojxjration can bo obtained from a single motor 
with special windings, but motors of this type (known as the “ Hunt (Cascade Motor ”) 
have only been developed for industrial service. 
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Speed control by pole changing. The method of regulating the speed 
of polyphase motors by changing the number of poles has been developed 
for electric railway work by Messrs. Browii-Boveri, and by the Westing- 
house Companies in Italy and America. 

The number of ssmehronous speeds which can be obtained from a 
single motor by pole-changing are — * 

Two (in some special cases three) ^ when a single stator winding is used : 
and four when two separate stator windings arc used, each winding being 
arranged for pole-changing. 

When a single pole-changing stator winding is adopted, the rotor 
may be of either the phase-wound type, with slip-rings, or the squirrel- 
cage type : the former requiring cither two separate windings (and slip- 
ringsl or a single pole-changing winding. But when two pole-changing 
stator windings are adopted — ^to obtain four synchronous speeds — the 
rotor is usually of the squirrel-cage type, and starting is performed by 
varying the voltage applied to the stator. 

Pole-changing windings (i.e. single windings which may bo re-connected 
— by arranging certain external connections — so as to give different 
numbers of poles) may be developed from all standard types of polyphase 
windings by arranging the connections between coils and phases in a 
certain manner. 

The simplest arrangement of windings and connections is obtained 
when the poles are changed in the ratio of 2 : 1. In this case only six 
cxtcnial leads are required between the motor and pole-changing switch. 
On the other hand, when the poles are to be changed in the ratio of 1*33 .* 1 
without changing the number of phases, it is necessary, in changing the 
poles, to rc-aiTang(? the connections of a considerable portion of the 
winding, so that a large number of external connections are necessary 
between the motor anci pole-changing switch. 

Double-layer windings arc usually employed when the number of 
poles is to be changed without changing the number of phases. These 
windings possess the following feature.s — (1) All coils are of the same size 
and shape ; (2) the number of coil groups per phase is equal to the 
number of poles ; (3) the end connections may either project axially to 
form a “ barrel ” winding, or be bent up at right angles to the shaft so as 
to shorten the overall length of the machine ; (4) the coil pitch may 
be made equal to any whole number of slots without disturbing the 
symmetry of the winding, thereby ])ermitting the use of fractional 
pitch windings, which possess a number of advantages over full-pitch 
windings. 

'fractional-pitch double-layer windings are of considerable value when 
pole-changing is required, as, by a suitable phoice of the pitch, a good 
flux wave-form can be obtained for each set of poles, and all turns are 
effective for both speeds. 

An important feature in connection with fractional-pitch windings 
for changeable-pole motors, in which two sets of poles in the ratio of 
2 : 1 are required, is that the winding must be designed for the srmller 
number of poles, as, if the winding were designed for fractional pitch 
and ^ the full number of poles, the pitch corresponding to the smaller 
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number of poles would be below 50 per cent, so that considerable differ- 
ential action would take place and the performance of the motor would 
be unsatisfactory. The larger number of poles is obtained by reversing 
the direction of current in one-half of the winding. 

For example, if four and eight poles are required, the winding is 
deigned for four poles, with a coil pitch of, say, two-thirds the pole 
pitch. When the connections are changed to give eight poles the coil 
pitch will be (2 x f — -) !§ times the (eight-) polo pitch. Therefore 
the “ coil-pitch ” or differential factor (which is equal to sin where 
0 is the coil pitch in electrical degrees) has the same value in each 
case. 

A diagram showing the connections and development of this winding 
is given in Fig. 72, which, for clearness, has been draw^n with one slot 
per pole per phase and one turn per coil. Each phase of the winding 
consists of four coils, of which altc^rnate coils are connected in series 




Fia. 72. — Connections and Development of Fractional -pi* ch Pole- 
changing Winding to give 4 and 8 Polos. 


and the two pairs so obtained are again conncctc^d in scjries, a tapping 
fieing brought out from the centre point of the phase. Thc^ connections 
between the coils are arranged so that, when current is circulated through 
all the coils in series, eight poles will be produced (sincM^ tlu^ currents in 
conductors occupying adjacent slots will have opposites directions), but, 
when current is circulated through the two halves of the ])hase connected 
in parallel, four poles will be produced, due to the reversal of the currents 
in alternate coils. The phases are delta-connected (with all coils in series) 
for the lower speed (8 poles), and arc star-connected (with the two halves 
of each phase connected in parallel) for the higher spcM^d (4 poles), as 
shown schematically in Fig. 73. It should be observed that no reversal 
of the phases, in relation to the line wires, is necessary when the number 
of poles is changed. « 

^n analysis of the M.M.F. distribution for the two sets of poles will 
show that all the turns of the winding are effective for both speeds, and 
if the M.M.F. wave-forms are similar, the fluxes per pole will be in the 
ratio of 1 : 1'15. 

Thus, let N denote the number of turns in series per phase for the 
larger number of poles ; Og, O 4 the fluxes per pole corresponding to the 
larger and smaller numbers of poles, respectively ; E the supply voltage ; 
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(hi'ii, ignoring tho intonial voltago drop due to rosistanco and roactanco, 
we have 


= EjKN ; (D4 = (EI^3)I(K . ^N) 

Whence 2/V3 = M5. 

Hence the flux densities in the stator and rotor cores, when the 
motor is operating at high speed, are only 15 per cent greater than 
those corresponding to low-speed operation, so that the magnetic material 
is utilized to the best advantage. 

Assuming the sanu; permissible electric loadings at each speed and 
‘iieglecting losses, the output at the higher speed will be about 15 per 
cent great(ir than that at the lower speed. In practice, due to the better 
natural ventilation at the higher speed, the output at this speed will 
be approximately 30 per cent greater than that at the lower speed. 

The influtuie(‘ of the number of poles on the power-factor of a change- 
able-pole motor is shown in the curves of Fig. 90 (p. 145), which refer to 
a large Ifl cych?, 3000- volt Brown-Boveri motor having two stator 



Kia. 73. — Method of Grouping Pole-changing Stator 
Windings. 

windings, each of which is arranged for pole-changing according to the 
abov(^ method. 

Stator and rotor windings for combined pole-changing and cascade 
methods of speed regulation. Ilie above discussion on pole-changing 
windings has b(H*n confined to windings from which two sets of poles, in 
the ratio of 2:1, can be obtained. In some cases, however — particularly 
where the pole-changing and cascade methods of speed regulation are 
combined — it is desirable to be abh) to change the poles in a smaller 
ratio than 2:1. For instance, four running speeds, in the ratio ol 
1 : 1-33 : 2 : 2-66 (or, alternatively, 1 : 1-5 : 2 : 3) will be more suitable 
for general railway si^rvice than three running speeds in the ratio of 
1:2*4. Now to obtain four synchronous speeds, in the ratio of 
1 j 1*33 : 2 : 2*66, by the combination of pole-changing and cascade 
control, the stator and rotor windings of each motor must be such that 
two groups of poles — ^in the ratio of 1*33 ; 1 — can be obtained. More- 
over, the voltage relations for both windings must bo suitable for cascade 
as well as parallel operation. A cursory consideration of the problem 
would result in the provision of two sets of stator and rohor windings 
on each motor. This solution cannot be regarded as entirely satisfactory, 
since only 50 per cent of the total copper in the machine would be utilized, 
while the deep slots in the stator and rotor would result in a high react- 
ance and a low power-factor. Moreover, the duplication of the control 
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apparatus would lead to an undesirable increase in the weight and 
maintenance of the equipment. 

An entirely satisfactory solution, however, is possible, and the required 
speed variation can be obtained, with satisfactory performance at all 
speeds, by means of a single winAing on each stator and rotor. Two alter- 
native methods are practicable : one method — which is applicable to 
double-layer windings — requires two pole-changing switches, one for 
each (stator and rotor) winding : the other method — which is applicable 
to single-layer windings — ^requires only a pole -changing switch for the 
stator winding, but necessitates a change in the number of phases, as well 
as poles, of this winding in order that a single rotor winding, with two 
sets of slip-rings, may be suitable for both sets of poles. The practical 
application of both methods is found in the equipments of the four-speed 
passenger locomotives built by the ^Fecnomasio Italiano Brown- Boveri* 
and the Society Italiana Westinghousef for the Italian State Railways. 

We will consider first the method in which the number of poles is 
changed, in the ratio of 8 : 6 (i.e. 1-33 : 1), without changing the number 
of phases. To obtain this result we require a poh^ -changing winding of 
the double-layer type. Jf th(^ winding is designed for full pitch when 
connected for the larger number of poles, then the pitch corresponding 
to the smaller number of poles will be fractional and equal to 75 per 
cent of the polo pitch. In order to obtain symmetrical windings for both 
sots of poles the number of slots per phase must be exactly divisible by 
both pole numbers. Thus, for the present case, the permissible numbers 
of slots per phase are 24, 48, 72, etc. Hence, confining our attention 
only to three-phase machines, the minimum permissible number of slots 
in the stator or rotor is (3 X 24 =) 72. 

Now a double-layer, three-phase, winding for this number of slots 
requires 72 coils, there being 24 coils in each phase. For eight poles 
these coils must be arranged in eight groups, each group consisting of 
three coils, and for six 2)olcs they must be arranged in six groups, each 
group consisting of four coils, fliagrams showing the connections between 
iie groups of coils for the 8-pole and 6-pole combinations of the winding 
are given in Figs. 74, 75, which, for clearness, have betm drawn with only 
one turn per coil. 

The connections shown in these diagrams arc representative of those 
which would be adopted when pole-changing is not required. To obtain 
a pole-changing winding it will be necessary to bring out lesuls from a 
large number of coils, so that the connections of either Fig. 74 or Fig. 75 
may be obtained as desired. An t^xamination of these diagrams will 
show that 48 leads arc necessary to obtain eight poles, and 24 additional 
leads are necessary to obtain six poh‘S. Hence (48 + 24 =) 72 leads will 
be required for the pole-changing winding, the disy)osition of the leads 
being shown in Fig. 76. If these leads are to be inter-connected exactly 
in ^e manner shown in Figs. 74, 75, then, obviously, 72 external cables 
will be required between the motor and the pole-changing switch. But 
• 

* Details of the raeclianijal and electrical equipment of theso locomotives are 
given in the Riviata Tecniva deUe ferrovie itcUiane, vol. 10, p. 213. See also Tramway 
and Railway Worlds vol. 42, p. 387. 

t Particulars of tlio equipment of these locomotives are given in tlie Electric 
Journal, vol. 12, p. 51 




Figs. 74, 75. — Connections and Development of Three-phase, WTiole-coiled Windings for 8 Poles and 6 Poles. 
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1. 77.— Connections and Development of Three-phase, Whole-coUed, Pole-changing Winding for 
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by adopting a different scheme for the inter-connections, the number 
of external cables between motor and pole-changing switch may be 
reduced to 36. It will be of interest to show how this result is obtained.* 
First it is necessary to determine, from Figs. 74, 75, the direction of 
current in each coil which gives the correct pol&rities. We select, there- 
fore, a given instant in the cycle, ascertain the directions of the^ line 
currents, and mark these directions on the slot portion of the conductors. 
In Fig. 76 the upper row of arrow-heads shows the directions of the 
currents to give eight poles, while the lower row of arrow-heads shows 
'the directions to give six poles ; the instant selected corresponding to 
the currents in phases A and C having a positive direction (which is 
assumed to be toimrds the neutral point of the motor circuit) and the 
current in phase B having a negative direction. 

Next prepare a tablci giving, for each set of poles, the phase positions 
of all the coils and the directions of current in the coils, thus — 
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58, 59 57, 00 

B 

C 

CCW 

CW 

21, 25 

23, 20 

A 

(1 

CCW 

c::cw 

60, 61 50, 02 

A 

C 

CCW 

CW 

26 

25, 28 

A 

B 

CCW 

CCW 

62 01,04 

A 

B 

CCW 

CW 

27, 28, 29 

27, 30 

C 

li 

CW 

CCW 

53, 64, 65 03, 00 

a 

B 

CW 

CW 

30, 31, 32 

20, 32 

B 

A 

(^W 

(^CW 

56, 67, 68 05, 08 

B 

A 

CW 

CW 

33 

31, 34 

A 

A 

CW 

CCW 

69 07, 70 

A 

A 

CW 

CW 

34, 35 

33, 30 

A 

C 

(’W 

CW 

70, 71 00, 72 

A 

C 

CW 

CCW 

36,37 

35, 38 

C 

a 

CCW 

CW 

72,1 71,2 

a 

C 

CCW 

CCW 


♦ CCW clonotos count(M*-clofkwise ; CW doiiotes clockwise. 


An analysis of this tabic will show tljat certain coils are common 
to a given phase for each combination of the winding, while other cooils 
have to bo changed from one phase to another when the number of 
poles is changed. Moreover, with certain coils, the direction of current 
is the same for both sets of poles, but, with other coils, the direction 

* The scheme of interconnections given here has been worked out by the author 
and was first published in his Electric Motors and Control Systems, The diagrams 
(Figs. 74-77) and tables were prepared specially for that volume. 
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of current must be reversed when the number of poles is changed. The 
analysis may be summarized thus — 

(а) Coils which arc common to a given phase, and in which the 
direction of current is fhe same for both sets of poles — 

•6, 7, 8, 69 (phase A) ; 3, 4, 5, 14 (phase R) ; 10, 11. 72. 1 (pliaso O). 

(б) Coils which arc common to a given phase, and in which the 

direction of current must be reversed when the number of poles is 
changed — • 

33. 42, 43, 44 (pliaso A) ; 39. 40, 41, 50 (phase B) ; 36. 37, 46, 47 (phase C), 

(c) Coils which have to bo changed in phase without reversal of 
current — 

15, 16, 17. 26 {A to B) ; 24, 25, 34, 35 (.4 to O) ; 

57, 66, 67, (SS{Bio A); 12, 13. 22, 23 [B 1o C) ; 

45, 54, 55, 66 (C to A) ; 2, 63, 64, 65 {C to B). 

(d) Coils which have to be changed in phase with reversal of current — 

51, 52, 53, 62 {A to B) ; •60. 61, 70, 71 (.4 to C) ; 

21. 30, 31, 32 (B to A); 48, 49, 58, 59 {B to C) ; 

9, 18, 19, 20 (G to A) ; 27, 28, 29, 38 ((; to B). 

The four coils in each of above sets may, thertjfore, be connected 
permanently in series. But each set of (four) coils consists of two groups, 
of which one group contains either a sirtgle coil or two adjacent coils 
connected in series, and the other group contains either three or two 
coils connected in series. Now each group of one, two, or three coils 
corresponds to two coil leads (see Fig. 76) ; hence, after the above series 
connections have been made, we shall have only 36 leads remaining. 
The interconnections between these leads must bo iiiade by the polc^- 
changing switch. 

The complete connections of the winding for both sets of poles are 
riiown in Fig. 77. In this diagram th(^ 36 external leads have been 
marked according to the phase position occupied by the (ioils, to which 
the leads bt^long, when the winding is conm^cted for eight poles. For 
example, the external leads, Nos. 8 and 70 (Figs. 76, 77), belonging to 
the set of (four) coils Nos. 6, 7, 8, 69, are marked -4^, ; the leads 

Nos. 3 and 16 belonging to the set of (four) coils Nos. 3, 4, 5, 14 are 
marked ; the leads Nos. 9 and 71 belonging to the set of coils 

Nos. 10, 11, 72, 1 are marked Ci, Cj. The leads of the other sets of 
coils have been marked in like maniujr. The h^ads from the six groups 
of coils forming one phase will, theridore, be marked as follows — 
^1, «! ; A^.a^ ; A^,a^ \ ^4, «.r, A^,a^ ; A^.a^ y and the leads for tto 
B and C phases will be marked similarly. 

®To obtain eight poles, connections are made between the leads as 
follows — 

• Phase ; a^-A^i ^r-A^, 

Phase/;. — h^-B^\ h^-BAl V ^6 J 
Phase O.- -Ci-O, ; ; c^-C\ ; C'5 ; 

Neutral point, Lines on Aj, Bi, (\. 

To obtain six poles certain groups of coils must be interchanged 
between phases and reversed in accordance with the scheme given on 
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p. 131. The connections to be made between the external leads are 
as follows — 

Pliaso A . — J A.^-h^ ; ; h^-C\ ; f'a 

Phase H. ; B^ \ “a ; 

Phase C'.- ; (’2-^6; Os Ca; ^0-^6 ; ^ 

Neutral point, a^-h^-C^. Lines on B^^ 6 \. 

Let us now ascertain the relative flux-densities coiTcsponding to 
the two sets of poles. If we assume a total of 144 slots — i.e. 6 slots per 
pole per phase for eight poh's, and 8 slots per pole pcjr phase for six 
poles — ^the breadth coefficients for the 8-pole and 6-pole combinations 
of the winding have approximately the same value, viz. 0-956. The 
differential factors arc 1-0 and 0*924 respectively. Hence, assuming 
equal line voltages (V) in the two cases and neglecting the internal 
voltage drop, the fluxes per pole are — 

Og == F/(0-956iV/) ; Og - F/(0-956 x 0*924iVy) 

Whence <l)e — l-OSOg. 

Therefore the flux-density in tlni stator and rotor cores, back of the 
clots, is increased 8 per cent when the number of poles is changed from 
eight to six. But, for the smaller number of poles, the flux-density in 
the air-gap is only 81 per cent of that corresponding to the larger number 
of poles. Heiuje approximately equal outputs are obtained for both 
6-pole and 8-pole operation. 

The rotor windi^ may be oi* the same type as the stator winding and 
may be connected in the same manner, but the pole-changing switch 
must be arranged internally so that only three slip-rings are required. 
This switch, as well as that for the stator winding, may be operated 
pneumatically. Alternatively, the special two-three-phase single rotor 
winding described on p. 133 may be employed, in which case no pole- 
changing switch is required for the rotor. 

We have now' to consider whether or not two of th(\se motors can be 
operated in cascade. With high-voltage motors having three-phase pole- 
changing rotor windings, it may b(‘. impracticable to re -group the pole- 
changing stator winding of the secondary motor so as to be suitable for 
the rotor voltage (at cascade synchronous speed) of the primary motor. 
Under these conditions cascade operation will be only possible if the 
rotor of the secondary motor is supplied from th(^ rotor of the primary 
motor, and the rheostat is connected to the stator of the secondary motor. 
This method of operation requires special features in the rheostat, which 
are discussed in Chapter XI. 

^ Cascade operation of motors having the above three-phase pole- 
changing stator winding and th(^ special two- three -phase single rotor 
winding of Fig. 80, is obviously only possible by supplying the rotor of 
the secondai-y motor from thcj rotor of the primary motor. • 

We will now discuss the alternative method of obtaining eight and 
six poles from a single pole-changing winding. This method, which is 
applicable to single-layer windings, involves a change in the number of 
phases when the number of poles is changed. For example, when the 
number of poles is changed from eight to six, the number of phases must 
be changed from three to two. 

The necessity for changing the number of phases, when changing 
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the number of poles, will be apparent from an examitiation of a diagram 
of a three-phase, 8-pole, half-coiled, single-layer, spiral winding with 
full-pitch coils, it will be found that although a 6-pole, three-phme 
winding is impossible? a symmetrical C-pole, tuo-phase (75 per cent 
])iU''h) winding is quite practicable and involves only a change in the 
connections between the groups of coils. Thus, for a 24-slot w ave winding, 
the connections for eight poles, three phases, are* — 

Phase I i"~4 7~io_i:r“ia nr 22 - 

Phase II ,‘r (i *)'~I2_ 15“ IS ._2I“LM- -j • 

Phase TIT. . . .5 H II J4 17“20__ 2.'1“ 2 -' 

and the connections for six poles, two phas(\s, an* — 

Phase I. . :r”f)__10“'7_ll”“14 18““15 _19‘“22 2~2:J 

Phase IT. . . 1“4 »~12_l(i“lS__17“20_24~21 

Diagrams showing the connections of this winding — which is suitable 
for the stator — arc given in Fig. 78, and the relative positions of the coils 
and end connections for a tw'o-rangc winding are shown in Fig. 79. 
These diagrams show also the phase relations of the coils for the three- 
phase and two-pliasc connections. It will be observed that the winding 
is Juilf^coiled when connected for three phases, and whole-coiUd when 
connected for two phases. The tw^o-phase winding may be supplied from 
the three-phase system by means of two “ T-connected ” auto-trans- 
formers, as described in Chapter XI (p. 298). 

Let us now turn our attention to the»rotor winding. Obviously this 
must be suitable for either six or eight poles. Since cascade working 
is to be adopt(jd, the rotor winding must bo capable of supplying both 
three-phase and two-phase current, viz. three-phase current with eight 
poles, and two-phase current with six poles. Although these require- 
ments may appear to be rather onerous for a single winding, nevertheless 
a single winding can be arranged to fulfil them. Thus, instead of the 
usual star- connect eel three-phase rotor winding generally adopted, we may 
jfse four star- connected three-phase windings coniKJctcd permanently in 
paralhd. This winding is wound with the same number of conductors 
as the usual winding, and tlu^ three common ends are connected to one 
set of three slip-rings, while the four neutral points arc connected to 
another set of four slip-rings. 

A diagram showing the application of this prin(;i})lc to a 24-slot 
single-layer winding is given in Fig. 80, and a schematic diagram of the 
circuits is given in Fig. 81. The winding consists of twelve coils, hence 
each phase of the four three-phase circuits contains one coil. Now the 
angular spacing of the coils in the diagram is (y’j, x Itt ~) radians, 
or 30®, which corresponds to a phase difference of x 877) == |7rradia*is, 
or 120°, in an 8-pole field, and (j*j> x 677 =) Jtt radians, or 90®, in a 
6-pole field. Hence coils in* the diagram which have an angular spacing 
of 120® will have a phase difference of (4 x §77 =) 2§77 radians — equiva- 
lent to 120 electrical degrees — in an 8-pole field and (4 X ^77=) 277 
radians — equivalent to zero electrical degrees — in a 6-pole field. Therefore, 
a three-phase wdnding for an 8-pole field may be formed from any three 

* The schemo of connoctions given hero, for stator and rotor windings, was 
originally worked out by the autlior for the first edition of Electric Traciion^ but 
only the winding diagrams were presented. In the present edition the methods by 
which the windings wore obtained are given in detail. 
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coils for whi(;h the angular spacing is 120^ : and, as there are 12 coils, 
four similar thnH'-pliase windings will be obtained. Obviously these 
windings may be ])ermanently connected in parallel. 



Fio. 7S. Fra. 79. 

Connections of Single-luyor l\ih^-c]ianginj< Winding to give S I’oles, 1'hreo -phase, 

and 0 Poles, Two-phase. • 


The scheme of conmictions (sect Fig. 80) is as follows — * 


Piiaso A , . 
Phase I\. 
^Phase 6 * 1 . 

^ Phase .4,. 
Phased,. 
Phase C**. 


. Ring A/’- • 4 1 — 

Phase . 

. . Ring E — 10-7 — i 

. Ring F — 1 2-9 ' Ring A. 

Phase i?a. . 

. .Ring >*- -18-16-- 

.Ring a--20-I7~‘ 

Phase C'a . . 

. . Ring 6*— 2-2:i- -l 

.Ring a;- 10 - 1 : 4 --. 

Phase ^4 4 . . 

. .Ring K — 22-19 — i 

. Ring F— 24- 21 — '-Ring B. 

Phase R 4 . . 

..Ring>^— 0 3 ~ 

.RingG— 8-6—1 

Phase C \ . . 

..Ring (7—14-11—' 


Ring (7. 
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Fig. 80. — Gonneutions o£ Rotor Winding suitablo for tiio Polo-f-tianging Stator 

Winding of Fig. 78. 


(( ® )) (( ^ )} (( ° )) T^^O’phase SHp Rings 




IT^I) Three-phase Slip Rh^gs 


Fig. 81. — Diagram of Circuits for the Winding shown in Fig. 80. 

Now if these windings are placed in a 6-poIe field, the E.M.Fs. induced 
in the three phases of any given winding will be in phase, while the 
E.M.Fs. induced in corresponding phases of the four circuits will have 
a phase difference of 90*. For example^ the phase difference of the 
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E.M.Fa. induced in phases and is (3 X =) radians — 

equivalent to 270° — while the values for the remaining circuits arc — 

Phasoa and — (6 x Jtt ■ ) radians - ISO dogrees ; 

PliasoH A-^ and — (0 X - ) 4^7r radians -= 90 dogrees ; 

J’hasos dg and Af — (0 X Att ) 3t: radians — 180 degrees. 

Plencc the corr(‘sponding phases of the four three-phase, 8-pole, 

windings form the (four) jdiases of a star-connected four-phase winding, 
so that, with a 6-pole field, the rotor winding is equivalent to three four- 
^aso star-connected windings in parallel. The circuits (see Fig. 80) 
are as follows — 


Phase Wi. 
PliasH Xi. 
Phase Yi- 
Pliaso Zi . 


King A— -1-4 
King r; -19- 22- 
King /i 13-16- 
King D -7 -10- 

Phase ir,. 
Phase A'g. 
Phase Pg. 
Phase 


King E. 


Phase IVg. 
Phase Xn. 
Phase Pg . 
I'hasci Zg . 


. . . . Jiing A ■ 1 7-2 

King r_ll_14-' 

. . . . King /? — 5-8 - 
King D 23-2 -! 


. . . Ring A — 9-1 2- 
. . . King C— 3-6 - 
. . .King R_2l-24- 
. . .King />-- 15-18-i 


-Ring F. 


Ring Ci. 


The llire(^ neutral points of these windings, however, cannot bo 
interconn(ict(^d, as this would prevent the winding being used in the 
8-pole field. 

Four E.M.Fs., or currents, differing 90° in phase may be obtained 
from the following pairs of s\ip-rings : A-C, C -B, B-D, D-A, while 
two E.M.Fs., or currents, differing 90° in phase, may be obtained from 
slip-rings A-B, C-I). 

Thus, in a 6-pole field, the rotor can supply either two-phase or 
four-phase current, and, in an 8-pole field, it can supply three-phase 
current. 

The voltage relations will now be investigated. Lot liN denote the 
total number of turns in the stator winding, and O3, Og denote respec- 
tively the fluxes corresponding to a terminal voltage V in each cas^. 
Then the turns in series per phase will be N for the thn^o-phase 8-polo 
connection, and *SN /2 for the two-phase 6-pole connection. If the breadth 
coefficients for the 8-polc and the 6 polo windings be assumed as 0*96 
and 0*9 respectively, then wo must have 

r/v'3 = 4*44 X O-ObOg.V/ X 10-2, 
and V = 4*44 x 0*9 X 0*920.^ 32V/2/ x IO-2. 

whence epo = 1*34<I>3. 

For equal fluxes in two-phase and three-phase working the terminal 
voltage for the 6-pole winding must therefore bo 0*75 of the normal 
three-phase lino voltage. This voltage can yeadily be obtained from the 
auto-transforraer. « 

Let N' denote the total number of turns in the rotor winding ; then 
there are turns in series per phase for three-phase workkig, and 
turns in series per phase for two-phase woiking. Hence, with equal 
fluxes (O), and assuming the same breadth coefficients as above, the 
voltage (F3) betwecni th(? threc^-phase slip-rings is 

Fg = v'3 X 4*44 X 0*96 x O x y^^^' X / X lO-^, 
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and the voltage (F2) between the two-phase slip-rings is 

Fa = 4-44 X 0*9 X 0*92 x O X /.A’' X / X 10'2, 

whence F2= F3. Thu3 cascatle working will bo practicable for both 
sets of poles. 


General Considerations Relatincj to Three-Phase 
Traction Motors 

The principal considerations — otlu^r than those for obtaining specul 
variation — ^in the design of three-phase motors for traction service are : 
(1) number of poles, (2) leakage factor, (3) air-gap, (4) ventilation (as 
affecting the temperature rise). 

The selection of the number of poles involves considerations of power- 
factor and operating speeds. 1\) obtain a high [)()wer-factor the smallest 



Fig. 82. — Power factor (Uirves of Biwvn-liovori 1000 kW, 
Motors. 


practicable number of poh^s should b(? chosen consistent with low leakage 
reactances for the windings. For example, with largo, 1000 h.p., motors 
six poles is the minimum, and with a low frequency (16§ cycles) a gearless 
drive is practicable. But with industrial frequencies (40 to 50 cycles) 
and six poles a geared drive is necessary owing to the relatively high 
synchronous speed of the motor. The use of gearing in this case is 
preferable to a gearlcss drive and the increase of the minimum numbbr 
of poles to 12 or 16, as the latter would reduce seriously the power-factor, 
an^ would result in exceptionally low powc^r-factors when lower speeds 
were obtained by pole-changing and cascading. The manner in which 
the numbe^of poles affects the power-factor of large motors is shown by 
the curves of Fig. 82. 

The leakage factor is an important feature in the design, as it affects 
both the maximum power-factor and the overload capacity. This factor 
(a) is usually defined as the ratio of the magnetizing current to the 
ideal short-circuit current (at normal voltage). Its relationship to the 
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maximum powor-factor and overload capacity can be determined from 
the circle diagram, and is given by 

Maximum power-factor = (I - a)l(l + a) 

Overload capacity = (1 -f a)l2F\/a 

Practical requirements, therefore, necessitate a low value for o’, i.e. a 
relatively small magnetizing current and a large ideal short-circuit 
current.* 

^ The air-gap of a three-phase traction motor is generally larger than 
that of a stationary motor of similar size. To obtain a high power-factor 
under these conditions a low frequency of supply is essential, together 
with few poles, nearly closed slots, and end connections of low leakage 
reactance. With large Continental motors for locomotives, the air-gap 
is of the order of 2 mm. (0*08 in.), which is about 60 per cent larger than 
the air-gap adopted for a stationary three-phase motor of similar output. 
However, the air-gap of 0-08 in. is very small in comparison with the 
air-gap of direct-current railway motors (which is of the order of 0'18 
to 0*25 in.). The bearings of three-phase motors must, therefore, be 
designed more liberally than thos6 of direct-current traction motors, 
and an efficient system of lubrication must bo adopted. 

The natural ventilation of polyphase traction motors is generally 
better than that of direct-current open-type motors, owing to the more 
open construction of the rotor core and spider. Moreover, the absence 
of a commutator and exposed iive parts, enables the end shields to be 
of an open design, so that free circulation of air can occur through the 
motor. 

The largest portion of the total losses usually occurs in the stator, 
and comprises the stator core loss and the P R loss in the stator winding. 
The stator frame is, therefore, designed to secure a large radiating surface, 
and is either of a box section with ventilating apertures, or of a thin, 
solid section with radiating fins. The losses in the stator are, therefore, 
readily dissipated, and with an open design for the end shields the motoi 
will attain its final temperature after a comparatively short run of from 
two to throe hours. 

Rating. — ^The method of rating must obviously depend upon the 
class of service on which the motor is to operate, and where this service 
involves long-distance runs and regenerative braking the motors must 
be rated on a continuous basis. 

Examples of Three-phase Traction Motors 
f,Three-phase traction motors are usually built for locomotive service 
and are frame-mounted machines of large output, the power being trans- 
mitted from the motors to a number of coupled driving wheels by cranks 
and connecting rods. Owing to the constant-speed characteristic of tne 
motors, a distributed, or individual-axle, drive — ^as employed with direct- 
current and single-phase locomotives — ^is undesirable, as slight 'differences 
in the diameters of the driving wheels would cause unequal loading of 
the motors (see p. 42). Hence the collective drive with two motors and 

* For the calculation of these quantities, see Papers on Alternating -CurrerU 
Machinery, Hawkins, Smith, and Neville (Pitman). 
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Fig. 84.— Rotor of Weafinghoiwe 410 h.p., 8/4 Polos, 25 Cycles, 'riiroe-phase 
Railway Motor. 
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mechanical coupling of the rotor shafts and driving axles is the preferred: 
arrangement in practice. 

In cases where gearing must be employed — e.g. when exceptionally 
low operating speeds are required or when the supply frequency is of the 
order of 40 or 50 cycles — ^the gear wheels and driving cranks are mounted 



Kig. 85. - -Societa itaJiaiia VVostiuj^house 1300 li.p., 8/6 polos, 16j oyj'Ios, TJjroo- ^ 
phase Kailway Motor. Nothi. — This motor forms tlio secondary motor 
for cascade working. The polo-cliangiiig, re-grouping, and cliange-over 
switches are mounted on the frame of tho motor, and are operated electro- 
pnoumaticnlly. 

on intermediate shafts (called “ jack shafts ”) which are carried in suitable 
bearings in the locomotive frame. 

The largest application of three-phase motors to railway traction is 
in Italy. The low-frequency system (16§ cycles) is employed extensively 
in Northern Italy, but the normal-frequency system (45 cycles) is being 
adopted for electrification in Central Italy. Over 250 locomotives are in 
service, tho electrical equipment of which was supplied jointly by the 
Societ^l Italiana Westinghouse and the Tdfcnomasio Italiano Brown- 
Bo veri. 

Three-phase traction motors have also been built by tho Weptinghouse 
Co. for the heavy split-phase locomotives of the Norfolk and Western 
Railway and the Pennsylvania Railroad. 

Views of the stator and rotor of a geared motor for the Norfolk and 
Western locomotives are given in Figs. 83, 84. The construotion of 
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the stator core should he noted ; the punchings are riveted to steel 
end-rings, which are furnished with eye bolts, and are seated in a half- 
frame forming part of the truck. The upper portion of the motor is 
enclosed in a pressed steel frame which communicates with the ventilating 
duct on the locomotive* . 

Fig. 85 shows a typical gearless motor (Societa Italiana Westinghouse) 
for passenger locomotive service on the Italian State Railways. This 
motor is designed for combined pole-changing and cascade control, the 
poles being changed in the ratio of 1-33 : 1 (i.e. 8 : 6) according to the 




Fig. 87.- - PcrforimuK’o Curves of Provvii-Boveri tlirec-pliHsc, IIHUO volt, 
16§-cyrJp, foiir-speinl Locomotive Motors. 

method shown in Fig. 78. The switches for performing the functions of 
pole-changing, re-grouping the stator windings (for cascade working), 
and interconiu'cting the motors (for cascade working), arc located on the 
motor frame and arc operated (dectro-pneumatically. The two sets of 
slip-rings can be seen in the illustration. 

Fig. 86 shows longitudinal and cross-sections of another gearless 
passenger locomotive motor (Teenomasio Italiano Brown-Boveri) in 
service on the Italian State Railways. This motor is also designed for 
combined pole-changing and cascade control. The stator and rotor 
windings are arranged to give either eight or she poles and to be suitablp 
for a three-phase supply in both cases. Hence the scheme of connections 
must be in accordance with Fig. 77, and pole-changing switches will be 
required for both stator and rotor windings. The pole-changing switch 
for the rotor winding is located in the intcu’ior of the rotor and is operated 
pneumatically. Therefore only three slip-rings are necessary : they are 
mounted on the shaft as shown in Fig. 86. 
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This motor is designed for the full line voltage (3300 volts), and hs 
weight without cranks and balance weights is approximately 14 tons. 
It has a one-hour rating of 1300 h.p. when conncetcd for eight poles. 

Fig. 87 shows the performance curves for a paip of these motors 
(i.e. the power equipment of one locomotive) for cascade and parallel 



Fio, 88. — Performance Curves of Brown- Boveri three-phase, 930 volt, 

46 cycle, 6/8 pole. Locomotive Motor. t 

[Note. — T he upper art of curves show the perfornmncc of the motor when caaciided with a aimllar 
motor. 'I'he cluilu dottcil ordinates Midie^itc the 1-liour loud in each ease.] 

operation with both sets of poles. Curves are also given showing the 
performance of these machines when operating as induction generators — 
i.e. when used for regenerative braking. The high efficiency for both 
motor and generator operation should bo noted. 

Fig. 88 shows the performance curves of a motor of similar output, 
but designed for a frequency of 45 cycles instead of 16§ cycles, this 
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motor forming part of the (jquipment of locomotives built by the Teciio- 
masio Italiano Brown-Boveri for the Tivoli-Rome section of the Italian 
State Railways, which operates at 10,000 volts, 45 cycles. The motors 
are designed for combined pole-changing and cascade control. The three- 
phase stator windings are arranged to give either eight or six poles, 
according to the scheme of Fig. 77, and the rotor winding follows t^ie 
scheme shown in Fig. 80. Owing to the relatively small numbers of 



Fra. 89. — Kotor of 13ro\vn-l5ovori Forir-K|>(*(‘(l, Thro<*-|>lui.st* 
Kail way Motor. 


polcjs — which were adopted from considerations of power-factor — the ^ 
synchronous s])eeds are high, and, in cous(*qui‘nee, gearing has had to 
bo employed in the power transmission. 

The performanctJ curves show tliat a maximum power-factor of 
92 per cent and a maximum efficiency of nearly 96 per cent (which, 
however, does not include losses in the gt^aring) is obtained with these 
motors. 

Four-speed changeable-pole motors with squirrel-cage rotors have 
been developed by Brown, Boveri & (^o. for three-phase locomotives, 
examples of which are in operation through the Simplon Tunnel and on 
the ^Burgdorf -Thun Jiailway. The motors hav(‘. two stator windings 
(wound with poles in the ratio of 1-5 : 1), aiuUeach winding is arranged 
so that the poles may be changed in the ratio of 2:1. Therefore the 
four synchronous speeds arc in the ratio 1 : 1 -5 : 2 : 3. 

The use, for traction purposes, of a motor with a squirrcl-c&gc rotor 
calls for a number of special features in the rotor in order that sufficient 
starting torque may be obtained without excessive currents in the stator 
and without large losses occurring at normal load. 

It is apparent that if the squirrel-cage rotor wore designed with a 


POLYPHASE TRACTION MOTORIC 


145 


moderately low resistance suitable for normal running conditions, then 
means must be adopted to increase, temporarily, this rt'sistance at 
starting.* Moreover, since practically the whole of tlu^ losses during 
starting occur in the rotor, the ventilation of this part of the motor must 
be given special attention. 

^Thc manner in which these problems hav(^ btum solved by Messrs. 
Brown- Boveri is shown in the following details. 

A view of a typical rotor is shown in Fig. 89. The conductors consist 
of bare copper tubes, and are placed directly in the slots, so that the 



Fig. 90. — (Miaract eristic (Xirves of Jirown-Jiowri Fonr-s]w>oil, Tlinn'-pluiso Railway 
Motor (3000 volts, 10 Cycles; wIkh'Is, 12ot)rTirn. — 19‘2 in.- -dianu'lcr). Xotk. — 
Full lines (leiioto eflicieiiey, eluiin-dotted lines tlenott' power- fact or. 


tubes arc in contact witli the rotor laminations. Tin; tnuls of tlui tubes 
are connected together with thin strips of copjier, whicli an^ arranged 
radially between the conductors and the short-circuiting rings, the latter 
being fixtd to the shaft. Thus a largti radiating surface is obtained, and, 
at the sanu^ time, the end connections act as fans and producer an ellicient 
circulation of air through the motor. The (jiul connections arii designed 
to have, normally, a resistance considerably greater than that of the rotor 
conductors, and the joints between the various portions of the rotor 
winding are inadc^ to Avithstand satisfactorily a teinjieratun^ of 250° C. 
This type of construction is very robust, and the results obtained oirthe 
locomotives operating thj;ough the Siiniilon Tunnel have been very 
satisfactory. 

* A high o.pf)aroiit rosistanco (and a low reactance) at starting may he obtained 
by the use "of rotor conductors of small width and grcMit dcptli. In tlii.s case the 
increased apparent resistance is <luo to the “ skin effect.’* The disadvantage of 
the method, however, is tliat the motor will have a lower overload capacity than 
one of normal design. 

This method and its influence on the perfoi*mance of the motor are discussed 
in Hobart’s Desitjn of Polyphase Generators ami Motors, y). 1G8. 
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During the few seconds in starting from standstill, the rotor 
current is of such magnitude that the temperature of the end connections 
reaches about 200° C. The resistance of the rotor winding at this tem- 
perature is about 50 per cent higher than the resistance corresponding 



Fic. OL — Siartingk I’erfonnanco of 
Hrown-Boveri, Four-spoeil, Throo- 
phase Railway Motor. 

to normal load and about 80 per cent higher than the cold resistance. 
Thus the above conditions are satisfied. 

The exceptionally good ventilation and the large cooling surfaces 
result in the temperature of the rotor winding becoming normal as 
soon as full speed is attained. 

The efficiency, power-factor, and speed curves of a typical motor 
are given in Fig. 90, while curves of the starting torque are given in 
Fig. 91. These curves show the advantage of the larger number of poles 
at starting, and also the effect of connecting the two stator windings in 
parallel. 






CHAPTER VII 

THE TESTING OF TKACTION MOTORS 

Introduction. IVsts on traction motors may bo divided into two classes, 
viz. (1) factory tests, which include (a) commercial tests run on standard 
machines, (b) special tests applied to machines of a new design ; and 

(2) tests in service, which arc generally of a SIK'(^ial nature, and are run 
to ascertain if a motor equipment fulfils the guaranteed conditions of 
service. 

It will be convenient to discuss first the factory tests applied to 
direct- and alternating-current motors, and to follow this with a dis- 
cussion of representative tests in service. 


PAliT I 

: Factory Tests on Direct-current Traction Motors 

The A.l.E.E. Standaids and E.E.S.A. SpeeificaticJii for Iraidion motors 
define (I'xeerpts of which an' given in A])pendix IJ) th(^ nominal rating 
as the mechanical output at the motoi? shaft which, on a one-hour's 
stand test at normal voltage with (jovt'rs aiul cooling system arranged as 
in service*, produces temy)erature rises not (‘XC(‘(ding tlu* limits specified 
in Appendix II (i.e. 100"^ 0. or 120*’ (\, bas(‘d u])on nsistancp weasurcwpnts, 
or C. or 95*^0. by thermometer, for tlu* windings, according to the 
class of insulation, A or B, n\spectively ; 90^' C. (thermomet(‘r) for the 
commutator). This test must be run on all new machines. 

A commercial test on a traction motor will, then'fore, include tlu^ 
s following — 

(1) A heat-run of one-hour’s duration at tlu* rated load. 

(2) A speed test at full load, in each direction of rotation, to check 

the position of the brushes and to ascertain if the speed of the 
motor is within the permissible limits. (The speeds in each 
direction of rotation must be within j ,‘1 per cent of the rated 
speed.) 

(3) A commutation lest at 100 per cent overload. 

(4) An insulation test, consisting of a brief application of high 

voltage. 

« 

With standard machines it is customary to test two similar machines 
tojgether, operating one machine as a motor during the first half of the 
heat-run, and the other machine as a motor during the second half of 
the heat-run. The resistances of the armature and field windings of each 
machine are obtained at the start and finish of the run, in addition to 
the temperatures by thermometer. 

The special tests under heading (6) include (a) an efficiency and speed 
test over the operating range of the motor, (j3) a number of heat-runs at 
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various loads for the purpose of determining the thermal characteristics: 
[y) a core-loss and saturation test. 

Testing stands. Load tests arc usually run on a testing stand, which 
is arranged to accommodate two similar motors. When tests with gearing 
are necessary the two machines are mounted on opposite sides of a 
horizontal shaft and are geared together through standard gearing. 
But for ordinary routine and efticioncy tests the two machines are tested 
without gears, thc^ armature shafts b<4ng arranged in line and coupled 



Fio. U2. — Testinf? Stands for Traction Motore in Preston Works of 
English Elect, ‘ic Co. 


together with a flexible coupling. Typical testing slands are shown in 
Fig. 92. 

In cases whore a single raachim^ is to be tested the armature shaft 
is coupled to a brake, which should bti either a Froude water-dynamometer 
or an electric n^generative dynamometer. The latter should be employed 
when the conditions are suitable, as the power generated in the dyna- 
mocicter (less the losses in this machine) can be returned to the supply 
system, so that the net amount of power to bo supplied for the test is 
only equal to the aggregate losses. • ' ^ 

Fig. 93 shows a traction motor mounted on a test bed and coupled 
to an electric regenerative dynamometer in the traction research depart- 
ment of th(^ English Electric Co. The dynamometer is a direct-current 
machine having its frame mounted on trunnion roller bearings and fitted 
with steel-yard arms for measuring the torque. Although the machine is 
capable of measuring torques up to 10,000 Ib.-ft, it is very sensitive to 
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small variations of torque, and accuracies of the order of one-^enth of 
1 per cent, at maximum torque, and one-quarter of 1 per cent at a torque 
of 2000 lb. -ft., are possible. 

The dynamometer can also be employed for measuring the losses in 
the traction motor. For this purpose it is run as a motor, and the output 
(which is equal .to the*losses in the traction motor) is determined from 
measurements of the torque and speed. 

Load tests on two similar macl^es. When two similar machines are 
to be tested, one is operatc'd as a motor and is loaded by the other machine 



Fig. 1)3. — Klectric Dyiianiom(*ter in Traction Jlc .‘arcli JJcpartnient of 
Fnglisli Klectric Co. 


acting as a separatt'ly excited generator, the field winding being connected 
in series with the motor. The generator may be loaded either on rheostats 
or by feeding back into the supply. In the latter case a booster is required 
to make up the difference between the supply voltage and that of the 
generator armature, while in both cases a booster will usually be required 
to maintain a constant voltage at the terminals of the motor. 

Elementary diagrams showing the connections of the machines and 
boosters for both methods of loading are given in Fig. 94. When^the 
loading-back method is employed, the set must be started with the 
gjjnerator loaded on rheostats to prevent the machines reaching an 
excessive speed, the rheostat load being cut out as soon as the generator 
is paralleled with the supply. The load is then regulated by adjusting 
the field *of the “ load ’* booster, while normal voltage is maintained 
across the motor by regulating the field of the “ line ” booster. 

A diagram of connections of a switchboard for carrying out these 
tests on a commercial scale is given in Fig. 95. With this switchboard it 
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is possible ( I ) to take load Icsts by either of the above methods ; (2) to 
operate either machine as motor in any desired direction of rotation ; 
(3) to lock the machines electrically against each other, so that the 
resistances of both machines may be determined without changing the 
main connections ; and (4) to provide for any of the special tests detailed 
below. ‘ 

Thus, suppose No. I machine is to be tested as a motor by the loadilig- 
back method. Switch is thrown up, switch B is thrown down, and 





Fio. 94.— -Connections for Load Tests on Traction Motors. 


the reversing switch F is ]daeed in the jiosition for the d(\sired direction 
of rotation. The set is started up on a rheostat load, and the voltage of 
the generator circuit adjusted (by means of the “ load ” booster) to equal 
the line voltage, wlien tht^ paralleling switch E is closed and the rheostat 
load opened by switch //. ThiJ voltages across the paralleling switch are 
rear^on the voltmeter V by 1 ransh^rring the voltmeter plug to receptacles 
L, M. After the generator has b(‘en paralleled, the voltage across the 
motor is adjusted to the normal value by means of the “ line booster. 

If the resistances of each machine are to be determined, switches A 
and B arc kept in the above positions and switch E is closed, switches 
C, H being open, and the starting rheostat short-circuited. Tfte arma- 
tures and fields of both machines an? tluTcby connected in series with 
the “ load booster, ^ hich supplies the current for the tests. The torque 
of one machine is balanced against that of the other by throwing the 
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reversing switches in the proper positions, and under these conditions the 
machines will be locked against movement. 

Efficiency tests. In running an efficiency tost on the machines with 
the generator loaded on rheostats it is necessary to determine (a) the 
mQjbor input, (b) the generator output, and (c) the loss in the generator 
field. The input and output currents are road on ammeters connected to 



tlie ammeter short-circuiting switches J, K, while the various voltages 
are read on the voltmeter F, by means of the multi-contact voltmeter 
switch Sy the voltmeter plug being in receptacle N, To provide against 
the reversal of the voltmeter, when the direction of rotation is changed, 
the potential leads from the armatures are connected to the receptacles 
Oy Ry and connection to the voltmeter switch contacts is made by means 
of plugs Pp Pg- 
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Th(i efficiency of the maclhno optTating as a motor is detcrininod in 
the following manner— 

Lot Fi == voltage across motor terminals, 

F — voltage across motor and generator fiQld (called the “ total ” 
voltage), ^ 

V 2 == voltage across gem^rator armature, 

1 1 -- motor current in ainpenvs (injuit), 

^2 “ gemuator cun-ent in amperes (output). 

Then the total losses are given by VI ^ - V 2 ^ 2 ^ 

*Now, since the generator field is connected in series with the motor 
and each machine is running at the same spewed, the field l-R, core, 
friction, and gear losses may he assumed as equal in i^ach machine, while 
the armature I-R losses arc the only comj)onents of the total losses which 
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differ in tlui two maclunes, Tf R^ denote the resistanct^s of the motor 
ami generator armatuni respc'otivt'ly, the total loss in Uk' motor is 
given by 

i I Vfl - «2) \ ^1" 

and, since tlie motor output is F,/,, tiie olliciency is given by 

V =- 1 - yjz + uriii - I Viii 
01 ri^\- (0-r>/ri)|(F - I IJii) - (/,//i) (Fa -f J^K.,)\ . (27) 

a form which is convenient for calculation. 

When a largo numbf^r of results havc^ f-o Ix^ worked up, the working 
is convcmiently done in tabular form, as slv^wri in the example in 
Table VIT. • 

A greater degree of accuracy can be obtained by measuring directly 
the differences between the motor and generator currents and f^oltagcs, 
instead of determining each of thevse quantities separately. The connec- 
tions are arianged as shown in Fig. 96*, being standard resistances, 

♦ This mothod is duo to Professor Ernest Wilson. See a y)ap€?r read before 
Section G of the iiritish Association, 1903. EU'Ctrician, vol. 51, p. 891. 
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or shunts, and Jlf F a milli voltmeter, which is of such a range that a large 
deflection can be obtained for the maximum value of If 

(/i - /g) = i, and (Fj - Fg) = v, then the oflicicncy is given by 

OiJ . (27a) 

TABLE VII 

Method of Tabulation for Workino out Efficiency Test 

Rating of Motor, 28h.p., 500 volts, 450 r.p.m. Tested with gears — 
gear-ratio 3*94 : 1. 

Average Hot Resistances for Test — 

Motor : Armature, 0*48 ohm : brushes, 0-05 ohm ; field, 0-84 ohm 
(/. R^ =--- 0-48 h 0-05 - 0-53 ohm). 

Generator : Armature, 0*405 f)hm ; brushes, 0*05 ohm ; field, 
0*84 ohm (.*. 7^2 — 0*405 0*05 0*51 ohm). 

Resistances at (K — 

Armatim^, 0*42 ohm ; field, 0*80 ohm ; bruslu^s, 0*05 ohm. Total, 
1*33 ohm. 
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Calculation of characteristic curves from test results. In working out 
standard characteristic curv<is, such as those given in Figs. 20, 2Ga, the 
test rejidings are corrected for a copper temperature of 75° C., and for 
a gear and friction loss, at the rated load, equivalent to 5 per cent of the 
input (sec Appendix II). Thus the actual gear loss, which would other- 
wise be a variable quantity in different machines of the same rating, is 
replaced by a definite quantity which is constant in machines of 
equal rating, and in this manner all characteristic curves are dii%ctly 
comparable. , 

^^on the loading-back method is employ c^d the efficiency is best 
determined from direct measurements of the motor input and the total 
losses, rather than from the motor input and generator output, as the 
method is then equivalent to that (Fig. 96) in which the differences 
between the motor and generator cu^ents and voltages are measured. 
The total losses are given by the sum of the input from the supidy system 
and the outputs from the two boosters. Thus, employing the same 
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symbols as on p. 152, together with the additional symbols I and Fj for 
the current input from the supply system and the voltage at the terminals 
of the “ load ” booster armature, respectively, wo have 

Total losses = VI^ - = VI ^ - (F - Fj)7g 

= F(/i-/*)+ F 3 /*= F/+ F 37 ,, 
Hence the eflSciency of the motor is given by 
V = [yji - \\(VI + F3/3) - (I{-R^ + h^R^)\ + h^R^VV^I, 

==\-Q-5{Vl ^VJ^ + WRi-IiR^)lVJ^ . . (275) 

* Therefore the readings to be taken when running an efficiency test 
by the loading-back method are : motor current and voltage, generator 
armature current, line or supply current, “ total ” voltage, “ load 
booster, armature voltage. 

When it is desired to separate the mechanical losses (i.e. friction, 
windage, and gear loss, if any) from the electrical and magnetic losses 
(i.e. l^R losses, “ load ” loss, and core loss) the set is run light — by 
supplying power to oik^ machine at low voltage — and the input is measured 
over the range of speeds corresponding to the efficiency test. This input 
will then give the mechanical losses. The accuracy of the method, 
however, is not very high owing to the difficulty in obtaining steady 
readings of the input. A greater accuracy is possible by driving the set 
by a small motor and measuring the input to this machine, the procedure 
being somewhat similar to that employed for the core-loss test (p. 155), 
except that the fields of the traction motors are not excited. 

The speed is corrected in the following manner — 

Let H denote the resistance of the armature and field windings at a 
temperature of 75° C., the resistances during the test, the test speed, 
and n the corrected speed, both corresponding to a current /. If the 
terminal voltage during the test has been held at its normal value 
then 

whence 71 = n^(y i- I R)I(V I R^ .... (28j* 

If the speed has been determined at a voltage (V\) other than 
normal, then 

n — n^(Vi-IR)l(V\ -IR^)- 

The speed curve is usually plotted in miles per hour, corresponding 
to the diameter of wheel (Z> in.) and gc^ar ratio (y) to be used. Thus the 
speed, S (in ml.p.h.), corresponding to an armature speed n (r.p.m.), is 


nD GOtt nD 

S = - ~ X nr- ^ 0 00297 — 

y 12 X 5280 y 


The torque curve is obtained from the efficiency and speed curves. 
It is generally plotted in terms of the tractive-effort (expressed in lb.) at 
the driving wheels.^ Thus, for a current of and (normal) voltage Fj, 
the tractive-effort (!') in lb. is 


VJ^ri 33000 60 

s' ^ 100 X 746 ^ 5280 “ ' " S 


. ■ (30) 


fj and S denoting the percentage efficiency and speed (ml.p.h.) respectively, 
which are obtained from the appropriate curves. 
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Core loss. The core loss (i.o. the iron loss in the armature core and 
the eddy-current losses (if any) in the armature conductors, armature 
flanges, etc.) may be determined by two methods, viz. (1) by driving the • 
traction motor by a smaller shunt motor and measuring the input to the 
latter when the former is (a) unexcited, (b) excited with various field 
currents, the speed being hold constant throughout ; oi (2) by running 
the traction motor light, with separately excited field, and measuring 
the input to the armature at various excitations, the speed for each 
excitation being obtained from the speed-curve of the motor. Although 
both of these methods arc in use, method (1), notwithstanding its being a 
more lengthy process than method (2), is to be preferred when accurate 
results are required, sinct^, by the proper choice of the driving motor, a 



Fia. 97. — CoriiiectioiiH for (yore-losn ^Vst on 
Direct -ciirrc^iit Traction Motor. 


?arge variation of tlu^ current input can be obtained betw(‘(‘n zero and 
maximum t^xcitaiion on the traction motor. 

When the core loss is derived by running the traction motor light, as 
in method (2), the variation in the current input is small, and, in conse- 
quence, the accuracy is not very great. This method, however, has 
the advantage of being performed quickly, and can be adopted when 
only a rough indication of the core loss is required. 

Considering method (1) in detail, the j^rocedure is practically tlie same 
as that adopted for a core-loss test on a direct -current generator or 
stationary motor. The armature shaft of the traction motor is belted 
to a small shunt motor of such a size that the maximum current iiT^ut 
(corresponding to the maximum excitation on the traction motor) does 
n< 5 ^t exceed 60 per cent of the full load current.* The field winding of 
this motor is separately excited, and the armature is run from a circuit 
of which the voltage is under control. The field winding of the traction 

* Generally, the rating u£ the driving motor should be about 10 to 16 per cent 
of that of the machine under test. To obtain good results the following conditions 
should be fulfilled — 

(1) Maximum current input to driving motor should not exceed 60 per cent 
of the full load current ; (2) input current when driving the machine under teat 

unexcited should not exceed 20 to 26 per cent of the full load current. 
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motor is soparatcily excited from a low voltage supply. Instiiimeiits 
are connected in the armature and field circuits of both machines, as 
indicated in Fig. 97. A series of readings are taken at various exciting 
currents on the traction motor (from zero to the maximum), the field 
Cjirrent of the driving motor being maintained at a constant value, and 
the speed being held constant throughout by adjusting the voltage 
supplied to the armature. Under these conditions the core loss for a given 
exciting cuiTcnt is given by the increase in the input to the driving motor 
(goirected for PR loss) between zero excitation and the given value. 
A typical set of readings and the values of the core loss deduced therefrom 
are given in Table VIII. Similar sets of observations will bo required at 
other speeds in order to obtain the “ characteristic core-loss curve ” 
(which shows the “ no-load ” core loss at any exciting current when the 
motor is supplied at constant voltage). 

T'he results of the separate core-loss tests arc plotted with exciting 
current as abscissae, and the speed-curve of the motor is plotted on the 
same sheet, as shown in Fig. 98. The characteristic core-loss curve is 
obtained as follows : The currents^ corresponding to the speeds of the 
individual core-loss tests are determined from the speed curve and are 
projected on to the appropriate core-loss curve. In this manner a single 
point is obtained on each core-loss curve, and the curve through these 
points is the characteristic core-loss curve. 

If speed curves corresponding to voltages other than normal are also 
plotted, the characteristic core-lloss curves for these voltages can readily 
be obtained. 


TABLE VITI 

> 

Typical Set of Readings for Core-loss Test 

Rt'sistanco of Armature Circuit of Driving Motor -1* 1 2 ohms. 


Machino under Test. 

Driving Motor. 
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12 a Loss 
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The saturation curve of the motor is obtained at the same time as 
the core-loss test by obs(?rving the armature vdltage at each value of 
the exciting current. The fiux is thciii calculatcjd and plotted against the 
exciting current, or the ampere-turns per spool. 

In the second method, the field of the traction motor is separately 
excited and the armature is run light from a variable voltage supply. 
Readings are taken of the input to the armature at various values of 
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the exciting current and speed (the speed for a given excitation being 
adjusted to that corresponding to this current on tiie speed-curve). 
The input so obtained is equal to the core, friction, and windage losses. 

To separate the coreJoss from the friction and windage loss the machine 
is ]QLin light — as a series motor — on a low voltage circuit, and the input 
to the armature is observed for speeds corresponding to those in the 
previous test. Since the excitation will be very low, the input to the 
armature may be taken as equivalent to the friction loss. Providtid that 
the speeds havtj been conectly adjusted, the dilference between the 



two tests will give the eharact eristic core-loss curve w it bout further 
calculations. 

A modification of the above method which is sometimes adopted is 
shown in Fig. 99. In this case the armature is connected in series with 
the field winding, but is shunted with a variable resistance R, and the 
machine is run light from a 500 volt circuit. The field curi ent is adjust(Ml 
by varying the shunt resistance Ry and the speed is adjusted to the 
precise value by the rheostat r It will be n‘alized that this method is 
extremely wasteful, and its use should be restricted to the smalliT tract^lon 
motors whenjuo low-voltage supply is available. 

A condition essential to all core-loss tests is that readings must only 
be taken after the speed has become steatly . When method ( 1 ) is adopted, 
it is necessary to take precautions against an alteration of the friction 
during the individual tests. 

Core-loss tests, such as carried out by any of the methods outlined 
above, give the core loss corresponding to “ no-load ” conditions (i.c. with 
undistorted main flux). When the motor is loaded the effects of armature 
reaction cause distortion of the main flux and result in higher core losses 
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ill the armature teeth, togetlu^ with higher eddy-curn^nt lossevs in the 
armature conductors. These additional losses are called “ load ” losses, 
and are of considerable importance in machineii working with tapped 
fields in consequence of th(^ field distortion being greater in these machines 
than in machines working with full field. This matter has been invr^ti- 
gat(^d by Dr. F. W. Carter and is discuvssed at length in a paper on “ Rating 
and Service Capacity of Traction Motors ” {Journ, I.E.E,, vol. 05, p. 994). 

Thermal characteristic. The thermal characteristic of a traction 
nfotor is a curve showing tlie time that the motor will carry various loads, 
at normal voltage, for a temperature rise of 75° C., the machine being 
at atmospheric temperature at the start. The characteristic is deter- 
mined by carrying out heat runs at different loads and normal voltage. 
In each run the temperatures of those field coils which are accessible arc 



Fits. 99. — Connections for Con'-loss Test l)y Rimning-lif;hf. 
Mntliod. 


recorded every 15 minutes, Tlie machine is shut down when the tcin- 
peraturi? r(*aches 75° C., and tlie tempi^ratures of all jiarts are obtained. 
In many cas(*s, however, the thermal charactcu'istic of thc^ armature is 
not identical with that of the fi(‘ld, and in sonu^ cases the armature 
heating is the limiting featunj at all loads. Under thc^ latter conditions 
the runs will have to be stopped before the fiidd winding has attained 
the standard temperature ris(j (75° C.), and, if the temperature rise of 
the armature diff(*rs appreciably from this value, the length of the run 
to give the standard temperature rise will have to b(‘ obtained either by 
cxtra-polation or from anothiT h(^at-run at the same load. 

In large motors the armature heating is generally limiting for all 
loads, but in small motors the field heating may be limiting at heavy 
loads, and the armature heating limiting at light loads. The thermal 
characteristic in this case will not be a smooth eurvt^, but will consist 
of ^Jortions of the thermal characteristics of the armature and fi(4d. 

The thermal characteristic is useful in sho^wing how the tc^mperature 
of a motor is affected by steady loads of (h^finite duration. But tl.e 
continuous rating of the motor obtained from this characteristic will 
differ from the continuous rating of the machine when operating under 
service conditions, on account of the distribution of losses not being the 
same in each case. 

When the service on which a given motor has to operate is known, 
the approximate temperature rise of the machine can be obtained from 
a hcat>run, on the testing stand, in which the losses in the motor are 
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equivalent to, and distributed in the same ratio as the average losses in 
service, the ventilation being, as far as practicable, the same as in service. 
The heat-run is continued until a constant temperature is reached. The 
temperature rise obtained by this method, however, is usually slightly 
higher than that obtaiued in service, on account of the better ventilation 
in4^he latter case. 

The method of obtaining the voltage and current at which this tost 
must bo conducted is as follows. From the service speed-time curves 
the coiresponding curves of the voltage and current for each motor are 
obtained. The mean voltage and r.m.s. current are then calculated 
over the whole period in which the motor is in service, and these values 
adopted for the heat-run. It is apparent that the losses in the motor 
during this test will have the same value as the average losses in service, 
andj moreover, the ratio of the distribution will bo th(^ same in each 
case. 

When this test is run on a self-ventilated machirw^, the speed of the 
armature during the test must be equal to that corresponding to the 
average speed in service. The voltage corresponding to this speed may 
differ from the mean voltage in service, and in this case the test must 
be run with the total armature loss’ and tlu^ field loss equivalent to the 
average values obtained above, although the ratio of the armature 
PR loss to the core loss may not be the same in th() two cases. 


PART II 

FAcrroRy Tests on Single-phase Traction Motors 

The commercial test applied to a single-phase motor is similar to that 
applied to a direct-current motor. Th(^ motor is run for one hour at its 
rated load with normal voltage and frequency, the resistances and tem- 
peratures b(ung obtain(»d in the usual manner. This test is followed by 
► a speed test in each direction of rotation, a commutation test at various 
Toads, including starting, and an insulation test. In addition, the impe- 
dance of the motor is measured at normal frequency with the armature 
stationary. 

The loading-back method cannot be applied conveniently to single- 
phase motors, and in consequence the load must take the form either 
of a direct-current generator or a mechanical brake (e.g. the Froudo 
water dynamometer). With series motors, two machines may be coupled 
together (or mounted on a test stand in a similar manner to direct-current 
motors) and one machine operated as a separately-excited direct-current 
generator. This arrangement is convenient for heat runs and load tests, 
but for efficiency tests the losses in the generator must be kno<^n. 
Alternatively, the motor ^may bo loaded on a brake and the output 
determined mechanically. 

In efficiency tests readings are obtained of the input (by wattmeter 
and ammeter), torque and speed over a range of loads at constant voltage 
and frequency. The readings arc then corrected to a definite copper 
temperature and gear loss (if any) in a manner similar to that adopted 
for direct-current motors, and the efficiency and power-factor calculated, 
while the torque and armatiu*e speed ar6 converted into tractive-effort 



160 


F.LKCTRIC TRACTION 


and train 8p('.ed, to correspond to the operating conditions. The results 
are then plottc^d against input amperes (as abscissae), thus giving the 
characteristic curves of the motor. 

For the calculation of speed-time curves, the characteristic curves 
must be supjdementeid by others, shf)vving the pcirformance of the motor 
when operating at tluj voltages corres[)onding to the v’^arious tapjyngs 
on tli(j main transformer ; while, for the calculation of (mergy consump- 
tion and the load on the distributing system, the input to the primary 
of the main transformer will be rc^quired. In cases wh(^re each motor is 
fed from a separate transformer — as in sonu? locomotives — ^the charac- 
teristic curv(\s of the transformc^r are combined with those of the motor. 
When two or more motors are supplied from one transformer, the correct 



I'kj. 100. — (^onnortions for Core-loss Test on 
Coni peiisal ed-s,'rios Motor. 


proportion of th(j transforrruT losses must be alloeat(*d to ea(;h motor in 
determining the combined effici(‘ncy curv(*. 

Core loss. In single-phase motors con^ lessees occur in the field 
structure (or stator core) as well as in the armature core. The loss in the 
latter consists of two compornuits, one due to tlui alternating flux and 
the other due to the rotation of the armature. The core loss in the stator 
(and the component of the armature core loss which is due to the alter- 
nating flux) is su])plied by the exciting current, ahd can therefore be 
m^^asured by a wattmet(?r in this circuit. The otluT component of the 
armature core loss (which is duo to the rotation of the armature) is 
determim^d by measuring tli(^ power rt‘quired to drive th(5 armatiwe. 
In these tests the brushes must be raised from the commutator, as other- 
wise the copper losses in th<^ field and armature windings (resulting from 
the circulating euiTents in the coils short-cmjuited by the brushes) will 
be included Avith the core losses. 

To dett^rmimi the magnitude of tlu^ losses du(? to the circulating 
currents, it is the practice, in core-loss tests, to take two tests, one with 
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all brushes on the commutator and the other with all brushes raised 
from the commutator. 

The method ol procedure is as follows. The exciting winding is 
separately excited from a variable voltage supply of the correct frequency, 
and a wattmeter, an UnTmcterf and a voltmeter are connected in the 
circuit. (Eig. 100.) 

The armature is driven at various sj)eeds from a small shunt motor, 
the armatui^ of which is connected to a variable voltage s up pl y , while 
the field is separately excited at a constant cuirent. An ammeter and a 
voltmeter are connected in the armature circuit of the driving motor.* 

The brushes of the motor under test are removed, and a series of 
readings are then taken over a range of exciting currents (from zero to 
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Fig. 101. — Hosulta of Core-loss Teats on Componsatocl-sorics Motor. 


about 50 per cent overload) at four or five different speeds, f the speed 
being maintained constant for each set of readings. In this manner both 
j3omponcnts of the rotor core loss, together with the stator core loss, are 
C^termined at the same time. Provided that there are no circulating 
currents in the armature duo to transformer action, { the wattmeter in 
the field circuit will measure the core loss in the stator and armature 
(duo to the alternating flux)+ the PR loss in the field winding. Similarly, 
the input to the driving motor, when corrected for the PR loss in its 
armature, will, in the absence of circulating currents, represent the 
core loss (due to the rotation of the armature) + tlie friction and constant 
losses in the set. The latter are, of course, given by the corrected readings 
corresponding to zero excitation on the machine under tost. 

The corrected readings are plotted with exciting current as abscissae. 
One curve is obtained for the component of the core loss which is due to 

* For the relation between the sizes of this motor and the machine under test, 
see footnote on p. 155 . 

t Or for each value of the exciting current the corresponding speed is obtained 
from the speed-curve and readings taken at this speed with and without excitation. 
In this manner the points on the characteristic core -loss curve are determined directly, 
but the results will be affected to a much greater extent by inaccuracies in individual 
readings than when the test is conducted in the manner detailed above. Moreover, 
the results only give the characteristic core-loss curve for one operating voltage. 

t Circiilating currents may be produced in multiple-circuit armature windings 
if they are unbalanced magnetically or electrically. 

^(5043) 
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the alternating flux, and a set of curves— similar to those in Fig. 98 — is 
obtained for the component of the core loss which is due to the rotation 
of the armature. The characteristic core -loss curve is derived from these 
curves in the manncT already shown. 

Fig. 101 represents the results of a core-loss test. 

In order to determine the losses (due to circulating currents) in the 
armature coils which are short-circuited by the brushes, the above tests 
arc repeated with all the brushes in position. The wattmeter reading in 
this case includes the losses (due to transformer action) in these coils, and 
also any additional iron losses du(^ to the reaction of th(i circulating 
currents. Similarly, any losses in the tarmature due to the coils cutting 
leakage fluxes in the neutral zone, or by magnetic or (‘lectric dissymmetry, 
are included in the input to the drivii^g motor. 

PART III 
Service Tests 

Service tests can be gi’ouped into two classes, viz. (1) thost) which are 
conducted under actual service conditions, involving runs of various 
lengths (corresjjonding to the distances betwt^en tin; stations) at a given 
mean schedule speed ; and (2) thos(^ which are conducted und(u* tquiva- 
lent, or average, service conditions, on level track, for the purpose of 
obtaining data of the motors. 

The tests in class (1) are of the order of “ official tests, and are 
usually run to asc(^rtain if a given equipment fulfils the manufacturers’ 
guarantees ; while those in class (2) are of the nature of experimental 
tests, the object of which is the determination of data from which the 
“ service-capacity ” curves of the motors can be obtained. These curves 
show the mean schedule speeds at w^hich a motor is capable of operating 
various services with a giv(m temperature rise ; the nature of the service 
being expressed by (a) the numbc'r of stops per mile, (b) the train weighf^ 
per motor. A ty})ical set of curves for a particular motor is given in 
Fig. 102. 

Now the heating due to the PR and conj losses d(;pends upon the 
magnitude and distribution of these losses, and will vary witli the class 
of the service. Thus, in suburban service, the greater portion of the 
PR losses occurs during acceleration and spetul-curve running ; while 
the core loss has its greatest value at the end of the accelerating period, 
and will probably exceed the armature PR loss during the free-running 
period. On account of the large thermal capacity of the motor, the 
temperature of the various paris will not follow appreciably the fluctua- 
tions in the losses, and a steady temperature will be attained when the 
average rate of generation of heat is balanci^d by the rate at which the 
heat can be dissipated in radiation, convection, etc. ^ 

To determine the service capacity curves of a motor it must be operated 
under uniform service conditions (corresponding to a particular service) 
until the temperature has attained a constant value. Having decided 
the class of service (i.e. the schedule speed, stops per mile, and train 
weight per motor) an appropriate speed-time curve is drawn, from 
which, in combination with the characteristic curves of the motor, the 
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accelerating current, the time during which power is “ on,*’ the coasting 
time, braking time, and duration of stop are obtained. 

A car equipped with motors and loaded to the required weight j^r 
motor is then operated on level track to this speed-time curve, the runs 
being continued until the temperature of the motors becomes steady. 
Additional tests are made for other service conditions, the motors being 
at the atmospheric temperature at the start of each test. The line 



102. — iScrvice-capacit-v Curves for Trurnwny Motor. 
(B.T.-H. Co.) 


voltage* in all tests is maintained, as far as practicable, at the normal 
value. Provided that the service conditions under which the tests are 
run have been s(*lected to give the same limiting tempi‘raturo rise in each 
case, the service capacity can be obtained din^ctly from the tests. 

The determination of a number of service-capacity curves in this 
manner wwld consume too much time, as each test requires about 10 to 
12 hours or more. Moreover, since aiiy numbeu* of service -capacity curves 
can be calculated from the sc^rvice thermal charactcristu^ of th(^ motor, 
it is necessary to perform only sufficient tests to determine the latter. 

The method by which the service thermal characteristic of the motors 
is determined is as follows. Records arc obtained of the current and 
voltage by means of suitable graphic -recording instruments, w'hile tiie 
temperatures of the field and frame are observed at frequent intervals, 
and the final temperatures of all parts are ascertained at the com- 
phition of each test. 

The resistance's of the field and armature windings are taken, if 
possible, during the lay-over jxjriods. 

The PR losses in the armature, brush contacts, and field windings 
are calculated.* The con^ loss corresponding to the various excitations 

♦ In some casKiH tlio l^R loss in tlio field coils lias Iwcii determined ilirectly, by 
means of an integrating w'attmoter connected in the field circuit. The average loss 
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and speeds is obtained from the core-loss curves, and the “ load ** loss 
and Qther indeterminate losses causing heating are obtained from the 
segregated losses deduced from the stand efficiency test. In this manner 
the total losses in the motor are determined for a series of runs. From 
the average losses and the highest observable temperature rise the watts 
dissipated per degree rise of temperature is computed for each run and 
is plotted against the mean running speed. Hence from this curve (which 
usually approximates very closely to a straight line) the temperature rise 



Fig. 103. — Evershod and Vignoles Traction Recorder. 

['llm records shown on tho charts, reading from left to right arc : lino volts ; duration of stop; 
current ; duration of brake application ; speed.] 

for any service can be predetermined when the corresponding average 
losses and the mean running speed are known. 

On •* official’’ service tests the energy consumption, temperature rise 
of the motors, and schedule speed have to be determined. With dirept- 
current equipments it is the practice to record the line voltage and 
the current input to one motor. With alternating-current ep[uipments, 

is then obtained by dividing tlio watt-houra registered during the test by the duration 
of the test (in hours). If the average resistance of tho field coils is also determined, 
tho square of tho average current during tho test can Ix) readily obtained, which, 
when multiplied by the average annature resistance, will give the average armature 
/*i2.Ipss. 
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however, the current and power input, together with the line voltage, 
must be determined on the high-tension side of the main transformer. 

Graphic recording instruments for train testing must be designed to 
withstand the large amount of vibration incidental to train operation, 
and are usually distinguished from the commercial forms of recording 
instruments by the high torque and large damping of the moving element. 

A typical instrument is illustrated in Fig. 103. This instrument gives 
records of five different quantities — ^viz. current, voltage, speed, duration 
of brake applications, duration of stops — on two charts, wliich are driven 
by clockwork from a common spindle. The s|K‘.cd record is obtained by 
recording the voltage of a magneto-generator coupled to one of the 



FicJ 104.- -Diagram illustrating priiicii^In of 
AVimiwris Aocoloromotor. 


wheels, an adjustable resistance in the circuit providing the nutans 
whereby the chart record is given directly in miles per hour. The duration 
of the brake applications is recorded by a pen operated by an (dectro- 
magnot, which is controlled by contacts on the brake cylinder. The 
duration of the stops is recorded by a second electromagnetic pen con- 
trolled by a push button operated by an observer. 

The records arc obtained in rectangular co-ordinates, and the effects 
of vibration are neutralized by arranging the pens to move on a horizontal 
surface and by heavily damping, by oil dashpots, the moving systems of 
the ammeter, voltmeter, and speed recorder. 

* With the introduction of a reliable instrument for the direct measure- 
ment of acceleration and retardation, it is now the x^ractico to determine 
these quantities directly, instead of relying on the speed record. The 
instrument used for this purpose is usually the Wimperis accelerometer, 
which is made in both the indicating and recording types. 

In each type of instrument the moving element consists of an 
aluminium sector A (Fig. 104) fixed to a spindle B, which is mounted 
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vertically in bearings. Since the centre of gravity of the sector 

is not coincident with the axis of rotation, any force resulting from 
acceleration will caus(5 a rotation of the spindle and a deflection of the 
pointer provided that the direction of the force is not in the plane 
containing the centre of gravity and the axis. The rotation of the 
spindle B is restraincxl by a hair-spring C, fixed to another spindle A 
which is geared to the former spindle by 1 : 1 gearing. The spindle D 



Fic. 10*1.-- - Wirnporis Jiulicatiiig Accoloroiiieter 
(Klliott JJros.). 


also earrii'S a comjK*nsating balance- weight which is adjusted to have 
a moment of inertia equal to that of the sector and jiointer, the centre 
of gravity of the sector and compensating balancc-w^eight biang con-^* 
tained in a plaru? passing through D and B. In this manner the sector 
and compensating I )a]an(;e- weight will have equal and opjiosite moments 
about the spindles B in a direction at right angles to the motion. The 
instrument is therefore only afT(*eted by aeceltTating forces w hich have a 
component along th(' diri'ction of jnotion, and it is eminently suited for 
train testing. 

A vknv of the indicating type of instrument is given in Fig. 105. 



chaj:>ter VII l 

THE CONTROL OF OIRECT-CliRRENT TRACTION MOTORS 

PART I 

General Principles • 

Duty-cycle. In seleoting a suitable metliod of control for an electric 
motor, or a group of motors, a knowledge of tlu' duty-cycle is necessary. 
With tramway and suburban railway services tli(.‘ diity-(!ycle consists 
of (1) a starting iieriod at high current input — of from 10 to 20 si^conds* 
duration — (2) a speed-curve-running period during which the acceleration 
and the current input diminish gradually, (3) a coasting j)oriod, (4) a 
braking period, (5) a brief period (from 10 to 20 s(‘conds) of rest. A typical 
duty-cycle corresponding to suburban service is shown in Fig. 25 (p. 04). 

The frequency varies from 15 tg 20 duty-cycles per hour for suburban 
service up to about 60 duty-cycles per hour for tramway' s(Tvice. 

As the average current in 2 )ut to each motor during the starting period 
is usually of the order of the rated current, a considerable loss of energy 
would occur if the motors were started with a series rheostat. But, since 
the operating conditions on tramways and suburban railways necessitate 
the use of multi-motor equipments — tramcars being equipped with two, 
and in certain cases four, similar motors, and motor-coach suburban 
trains being equipped with four or more similar motors — alternative 
methods of control are available by grouping the motors in series and 
parallel. These combinations may Ix^ utilized during starting because 
the torque of a series motor depends only upon tlui current input to the 
motor, and therefon? with a multi-motor equipment two or more similar 
motors, when connected in series, will jiroduce the same total torque as 
when tlujy are connected in ])arallel, provided that the current x^r motor 
is the same in both cases. 

The series combination of a multi-motor equix)m(uit, howevtT, can 
only be employed during the initial })ortion of the starting x)eriod, as the 
Xiarallel combination is lujcessary to obtain full sxujed. 

Therefore, with a two-motor equixnnmit, the motors may be connected 
in series during the first x^ortion of tlie starting x>eriod and in parallel for 
the remainder of the period. With a four-motor equipment three com- 
binations of the motors anj viz. (1) series, (2) series q^arallel, 

(3) parallel. These methods of starting are called “ series-parallel ” 4 ><nd 
“ double-series -parallel ” control, resxicctively. They not only n^sult in 
considerable saving in energy comx)ared with the rheostatic method of 
sl^rting, but also provide two and three efficient running speeds. 

Energy loss at starting. First consider two similar motors to be 
started b;f the series-parallel method. Let the line voltage be constant 
and the motor current bo maintained at a constant value, /, throughout 
the starting period. 

The current-time and voltage-time diagram for the starting period is 
shown in Fig. 106, in which the motor current is represented by the 
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horizontal lino ABC drawn at ordinate /, the line current by the stepped 
line ABDE, and the line voltage by the horizontal line XYZ drawn at 
ordinate F. The voltage drop in one motor, due to the current /, is 
represented by Oi\ and the voltage drop in the two motors when con- 
nected in series by OG {= 20 F). The starting period is represented by 
OM, of which the portions ON^ NM correspond to the series and parallel 
connections respectiv’^ely of the motors. The point N is determined by 
the condition that the connections must be changed from series to parallel 
whgn the voltage per motor is equal to one-half of the line voltage. Henee, 
if a horizontal line be drawn through the ordinate corresponding to half 



Starting Conditions for Series-parallel Control. 

line voltage, the point of intersection, //, with the line ZF gives the 
abscissa required. 

The point, N, and the durations o£ the series and parallel portions of the 
starting period* are easily determined analytically. Thus, if T denotes the 
duration of the starting period, th<) durations of the series and parallel 
portions respectively, V the line voltage, and v the voltage drop in eaej^* 
motor corresponding to the current 7, then, from the similar triangles OJN, 


OKM, we have 
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The variation of voltage at the terminals of the two motors during 
the series portion of the starting period is represented by O F, and the 
vafiation of voltage at the terminals of each motor throughout the whole 
starting period is represented by FZ. Hence the variation of the counter- 
E.M.F. of each motor throughout the starting period is represented by 
0K\ ZK being equal to OF (which represents the voltage drop in dne 
motor due to the current /). 

Hence ordinates between X Y and O Y represent the vdltage drop 
in the starting rheostat when the motors are connected in series. Similarly 
ordinates between YZ and HZ represent voltage drop in the starting rheo- 
stat when the motors are connected in parallel and the line current is 21. 

Therefore the energy loss in the starting rheostats during series 
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running is represonted by the product of the fnotor current and the tri- 
angular area XGY. Similarly the energy loss in the rheostats during 
parallel running is represented by the product of the line current and the 
triangular area YHZ. 

For the ideal case, when the voltage drop in the motors is negligible, 
the current-time and voltage-time diagram takes the form of Kg. 107, 
in which the counter-E.M.F. and terminal voltage per motor are both 
represented by the lino OZ, The duration of the series portion [ON^) of 
the starting period is now equal to that of the parallel portion (N'Jd), 
The energy loss in the starting rheostats during series running is propor- 
tional to the triangular area XOY\ and that during parallel running is 
proportional to twice the area Y'LZ, i.e. to the area XOY' (since Y'Z 
= X Y', and Y'L = \OX), Thus the energy loss during starting is divided 
equally between the series and parallel i)eriods. The total energy loss 
during starting is proportional to the area of the rectangle OX Y'N'. 

Now the energy output from one motor during the whole starting 
period is represented by the product of the motor current and the 
triangular area OZM : it is, therefore, proportional to the area OZM. 
Hence the output from the two motors during the starting period is pro- 
portional to the area of the rectangle OXZM. Therefore the total loss of 
energy in the starting rheostats is equal to one-half of the energy output from 
the motors during the starting period. 

Energy saving due to series-parallel control. Since the energy taken 
from the supply system = energy outlet from motors + losses in rheo- 
stats, therefore, with series-parallel control, the energy taken from supply 
system — 1*5 X energy output from motors, and tlie overall efficiency 
during starting = 1 /1-5 = 2/3, or 60| i)er cent. 

With rheostatic control throughout the whole of the starting period 
(i.e. with the motors connected permanently in parallel) the energy loss 
in the rheostats is proportional to twice the area OXZ, i.e. to the area of 
the rectangle OXZM, Fig. 107. Thus in this case the energy loss in the 
rheostats is equal to the energy output from the motors, and the overall 
efficiency is 50 per cent. 

Series-parallel control, therefore, results in a saving of energy equul {in 
the ideal case) to one half of the energy output of the (two) motors durmg the 
starting period. 

Other important advantages of series-parallel control are two speeds 
arc available in the ratio of 1 : 2, ap])roximately ; tlu^ starting rheostats 
are smaller, lighter, and cheaper than those necessary for ordinary 
rheostatic control under similar conditions. 

Energy savi^ due to double seri^-parallel control. Whcui four sin^lar 
motors are available, three combinations of the motors are possible, viz. 
series, series-parallel, and parallel. Hence with ideal starting conditions, 
i.e. negligible voltage drop in the motors, constant current p€T motor, 
and constant line voltage — the durations of the series and series-paralkd 
portions of the starting j)eriod are each equal to one-fourth of the 
whole starting period. It is easy to show that under these circum- 
stances the energy loss in tlie starting rheostats for the series and series- 
parallel periods is equal to one-half of that for the parallel period, and 
that the energy loss during the parallel period is equal to one-fourth of 
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the (energy output fi’oin the motors during the whole starting period. 
Thus the overall efficiency — 1/(1 -[- J -f- — j” , or 72*73 per cent. 

When six similar motors arc available and each motor is wound for 
one-half of the lin(^ voltage — as is the ])ractico with 3000- volt equip- 
ments — the three motor combinations are : (1) series, (2) first series- 
parallel with two groups c^ach consisting of three motors connected iij 
series, (3) sticond seri(‘S-parallol with three grouj^s each consisting of tw^o 
motors connected in seri(‘s. In this case, with ideal starting conditions, 
th(i durations of th(* thn'c ])ortions of the starting period are all equal, 
and^the (‘lUTgy loss in the starting rheostats is equal to one- third of the 
energy out])ut during the wiiole of the starting period. Therefore the 
ovTTall efficiency in this case is 1/(1 + .1) — J, or 75 per cemt. 

Comparison of rheostatic, series-parallel, and double series-parallel 
control. The comparison for ideal starting conditions is shown in the 
accompanying tabh', in which is also givcm tlu^ a])proximat(^ ratio of speeds 
for the various combinations of the motors when the rhc'ostats arii cut 
out and the motor curn^nt has a given value. 
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Applications of double series-parallel control. The* principal applic^a- 
tions of double series-parallel control an* to be* found in fn^ight locomotives- 
in which a large number of control notclnns and slow^-running speeds are 
essential. With suburban trains a slow-running spet‘d is unnecessary, 
and the slight saving in energy of double scTit^s-parallel control compared 
with series-parallel control would be entirely offset by the additional 
cost, weight, and maintenance of tluj double series-parallel equipment. 

Practical requirements. In the Jiractical applicjation of series-parallel 
and double series-parjillel control the starting must be effected with a 
limit(?d number of st<ips in tlu^ starting rheostat, in order to avoid excessive 
cost, and complication of the controller. llK^reforo the motor current 
during starting cannot be maintained at an absolutely constant value, 
as hitherto assumed, but varies between definite limits as the sections of 
the rheostat arc cut out. By suitable design of the rh(X)stats and correct 
manipulation of the controlh^r a given averag(^ value of the motor current 
can be maintained throughout the starting period, as indicated ip Fig. 108. 
To obtain this result with series-parallel control, it is necessary that the 
change of motor combinations from scries to parallel be made when all 
the rheostat has been cut out and the motor current has decreased to 
its lower limit — i.e. at point A, Fig. 108. 
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The change of motor combinations from series to parallel necessitates 
the re-insertion of a portion of the starting rheostat in order to limit 
the motor current to the prescribed value. The rheostats may be re- 
inserted according to cither of the alternative methods shown in Fig. 109, 
both of which are (^xtensivcjly employed in practice. If th(^ (motor) 
current limits during parallel running are to bo the same as those during 
series running the value of resistance cut into the motor circuit when the 
motors are first connected in paralh^l must be such that the upper limit 
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of current (i.e. point H, .Fig. 108) is obtained. Tlu^ nudbods of calculating 
tlic requisite values of resistance to satisfy those conditions are discussed 
later. 

The starting conditions represented in Fig. 108, in which uniform 
variation of motor curnmt occurs during the wdiolc of th(» starling pt^riod, 
may be considered as ideal for the limilt'd number of stt‘])s w liich can be 
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Fig. 110. - Shunt Tran.si lion. 


employed in practice. These ideal conditions nec(\ssitat(i tliat the tyinsi- 
tion be effected without interrupting the current in cither motor — a result 
which may bo accomplished by the “ bridge ” method. In many cases, 
Jiowever, the complication entailed in the controller wdth this method of 
transition is not warranted, and a simpler method, called “ shunt ” 
transitiqp — in which one motor only is suppliinl with current during 
transition — ^is employed. These methods will now^ be discussed in detail. 

Shunt transition. Three transition steps are necessary, the connec- 
tions being shown in Fig. 110. At the first step a portion of the starting 
rheostat is re-inserted, the motors being still connected in series. The 
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value of this resistance should be such that the current input on the 
second transition stop (when one of the motors is short-circuited) is 
approximately equal to the upper limit of current during the starting 
period (i.e. point jS, Fig. 108). At the second step one motor (No. 2) is 
short-circuited by conncicting the negative terminal of motor No. 1 
directly to the negative supply main. At the succeeding step the series 
connection between the motors is opened, so that motor No. 2 is now 
ready to be connected in parallel with motor No. 1, thus completing the 
transition. 

Bridge transition. This is effected in a single step without opening 
either of the motor circuits. The starting rheostats, however, must be 
divided into two separate portions, so that when the motors arc operating 
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Fig. 111. — Bridge Transition. 


in parallel each motor may have, a rheostat connected in scries with it, 
as shown at By Fig. 109. When the motors are operating in series the two 
portions of the starting rheostat must be connected between the motors 
in the manner shown at Ay Fig. Ill, in which the numbe^red arrow-heads 



FfO. 112. — Whoat stone Network Diagram to 
llluslrattf Bridge Transition. 


indicate the order of cutting out the sections of the rheostats. At the 
full-series combination of the motors, B, a connection X is established 
directly between the motors, and the original series connection is opened, 
together with the short-circuiting contacts across the sections of the 
rheostat. At the transition step, C, the free ends of the rheostats are 
connected to the supply, so that the motors, rhdostats, and connection ^ 
form a Wheatstone bridge network, as shown in the conventional diagram 
of Fig. 112. The connection X now forms an equalizing ccpncction 
between the two parallel paths — motor No. 1 and rheostat group No. 1, 
motor No. 2 and rheostat group No. 2— and the opening of this connection 
gives the normal parallel combination of the motors, as is shown at Dy 
Fig. 111. If, when transition is effected, the values of the rheostats are 
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such that the motor current increases to its upper limit, then the transition 
will have been effected under the ideal conditions shown in Fig. 108. 

Bridge transition, therefore, enables the normal accelerating torque 
to be available from both motors throughout the whole of the starting 
period. 

Series-Parallel Controllers 

General. The various combinations of the motors and rheostats are 
made in the correct order by means of a controller, which, for tramway 
service, is usually of the drum type. This type of controller consistij of 
a drum, or cylinder, carrying a number of insulated and inter-connected 
segments, which, when the drum is moved through certain angles, make 


Fia. 114. 

Connections, Development, and Combinations for Series -parallel Controller 
(Shnnt transition). 

contact with a number of fixed contacts (called fingers) to which the 
motors, rheostats, and supply mains are connected. 

Simple series-parallel controller. The sequence of connections is 
shown in Fig. 113, which refers to a non-reversing controller having three 
rheostatic steps for each combination of the motors, shunt transition, 
and an earthed return for the supply system. From these diagrams the 
development and connection diagram, h^g. 114, is deduced. 

The fingers are represented by the vertical row of largo dots, and the 
segments by the black rectangles. The operating positions, called 
“ notches,” are indicated by the vertical chain-dotted lines (numbered 
1 to 8) drawn through the segments. These lines coincide with the centre- 
line of the fingers in the operating positions. Thus on the first notch the 
top and second fingers are connected together, and the eighth and ntnth 
fingers (from the top) arq also connected. The motors are, therefore, in 
series and all the starting rheostat is in circuit. Sections of the rheostat 
are cut out on the succeeding notches, until, on the last series notch 
(No. 4) the motors are connected in series across the supply. Notch 4 is 
therefore called a running position. Similarly notch 8 is a running 
position. The other notches, 1, 2, 3, 5, 6, 7, are called rheostatic positions. 

Observe in Fig. 114 that certain fingers (X, Z) have to be duplicated 
in order to obtain the series and parallel combinations of the motors 
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with a convenient arrangement and interconnection of the contact 
segments. 

Observe also that the contact drum consists of three essential parts : 
(1) an upper part, comprising six horizontal rows of interconnected 
segments, which controls the cutting-out of the starting rheostat ; (2) an 
intermediate part comprising three rows, or two pairs, of segments — 
which may be all (jonnected together — the positions of which correspond 
to the fingers, X, 7, Z ; (3) a lower part comprising two rows of seg 
ments. These three portions of the contact drum must be insulated from 
one another ; they will be found in all series- parallel controllers in which 
shunt transition is adopted. 

Reversing drum. Although in practice provisi()n must be made for 
operating the motors of a car in either direction of rotation from the same 



Fio. 115 .' -Revt.rsiiig Fic. IKi - CoiiiWHjlioiis of Scrios-|'arulU l 

Drum. Controller with Hoversiiig Driun. 


controller, operation in the reverse or backward dire(;tion of the car is 
not required under normal running conditions. Separate contact drums 
and operating handles are therefore employed for (») starting and sptnxl 
regulation, (b) controlling the direction of motion. Tlu^se (separate) 
drums are called the “ power drum ” and the “ reversing drum ” respec- 
tively. The reversing drum consists of a small contact drum and fingers 
for reversing the armature connections. This drum must be mechanically 
interlocked with the power drum so that it cannot be operated unless 
thedatter is in the “ off ” position. Four fingi^rs and two sets of inter- 
connected contact segments are required per motor, the relative positions 
of fingers and segments being shown in end elevation by sketch Ay 
Fig. 115, and in development by diagram B, Fig. 115. This diagram also 
shows the connections for the motors. The leads marked X, 7, Z in 
Fig. 115 are connected to fingers X, 7, Z in Fig. 114 in place of the 
connections shown in that diagram. Thus the reversing drum is supplied 
with power from the fingers and contacts of the penver drum. 

Connections of series-parallel controller with reversing drum. The 
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revised connections for the controller of Fig. 114, when fitted with a 
reversing drum (Fig. 115, JB), are shown in Fig. 116. This diagram may 
be considered as representing the most elementary form of series-parallel 
controller for traction purposes. 

Series-parallel controllers for tapped field control. In this method of 
control, as applied to electric traction, the motors are operated with 
weakened fields in the running positions of the controller, and in conse- 
quence a greater number of running speeds arc obtained. 

Thus, if the field windings of the motors are provided with one 
tapping, then four running speeds are available, viz. two speeds with 
the motors in series and two speeds wdth the motors in parallel, the two 
speeds in the scries or parallel combinations of the motors corresponding 
to “ full field ” and “ tapped field.” Again, if two tappings are provided, 
six speeds can be obtained. 

A slight modification of this method of control was adopted in the 
early days (about 1898) of ehnitric traction, but was abandoned on 
account of the unsatisfactory performance of the motors with weakened 
fields.* The introduction of commutating poles, howev(^r, has enabled 
these difficulties to be overcome. 

Field-control equipments jjossess .several advantages over ordinary 
equipment.s, especially where the cars have to operate in congested city 
traffic and on outlying routes. The low speeds incidental to city traffic 
may be obtained economically by operating the motors with full field, 
an(l the higher speeds required for the outlying districts can bo obtained 
by operating the motors with weakened* fields. These features, and their 
effect on the energy consumption, are discussed in greater detail in 
Chapter XIX. For the present we have to consider how the additional 
speeds affect the connections and development of the controller. 

The simplest case occurs when the w(jakcned fields are used only 
when the motors arc operating in parallel. In this case the series, trans- 
ition, and rheostatic -parallel points of the controller are the same as 
those for a standard series-parallel controller. The transition from full 
* field to tapped field is effected by short-circuiting a portion of the field 
winding and then cutting this portion out of circuit. If the change is 
effc'ctcd in one op(?ration, the motor may be subjected to a large rush of 
current, depending upon the point on the motor speed-curve at which 
the change from full field to tapped field is made, as well as on the relative 
field turns in circuit. 

The magnitude of the rush of cun’ent may be reduced by introducing 
an intermediate sttq) in thc^ transition from full field to tapped field. 
Thus, instead of diiHHjtly short-circuiting the section of th(^ field winding 
to be cut out, a rheostat is connected in parallel with it, and the rheostat, 
together with the section of the winding, is finally cut out of circuit.* 

The connections and development of a controller for this method 
of control are shown in Fig. 117. It will be observed that the transition 
from series to parallel is effected, with full field, by short-circuiting one 
motor. lA comparison of this diagram with that (Fig. 114) of a .simple 
series-parallel controller will show^ that in each case the upper and 

* The method consisted of connecting a rheostat in parallel with the field winding 
on the series and parallel running notches. The controllers developed by the General 
Electric Co. (of Schenectady) for this method of control were designated Type K2. 
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intermediate portions of the contact drum are similar, and the con- 
nections between the upper nine fingers are identical. The contact 
drum of the tapped field controller, however, requires two additional 
notches, and the lower portion of this drum requires seven rows of 
segments, instead of the two rows required in the standard controller 
of Fig. 114. A total of 16 fingers (and rows of segments) is required for 
this particular case of tapped-field series-parallel control ; 11 fingers 
being necessary for simple series-parallel control. 

In cases where the tapped field is required to be used for series running, 
it is necessary to change to full field before passing into the parallel 
notches, in order that the rheostatic acceleration on these notches may 
take place efficiently. Fig. 118 shows the connections of a controller 
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with two tapped-field x>ositions for both combinations of the motors. 
In this case the change from full field to tapped li(*ld is made in a single step. 

Suppression of arcing at controller contacts: Magnetic blow-out. 

Provision must bo made in all traction controllers for the suppression of 
arcing at the contacts, otherwise exctissivii burning will occur at the 
fingers and segments at which circuits are opened. In all modern con- 
trollers arcing is suppressed by means of a “ magnetic blow-out.’’ A 
powerful magnetic field is provid(?d at the contacts where arcing occurs, 
and the conditions are so arranged that the arcs are rapidly extinguished 
or “ blown out.” ' 

The operation of the magnt^ic blow-out depends upon the funda- 
mental principles of electro-maguetism that a current-carrying conductor 
situated in a magnetic field — ^the direction of which is perpendicular to 
the axis of the conductor — ^is acted upon by a force tending to move the 
conductor out of the field, i.e. the direction of the force is perpendicular 
to both the axis of the conductor and the direction of the magnetic lines. 
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Elementary diagrams showing the relationship between these quantities 
are given in Fig. 119. 

The magnitude of the force is proportional to the product of current 
and magnetic flux density. 

The magnetic field is provided by an electro-magnet, the exciting coil 
of which is series-wound and is connected in the main circuit of the 
controller, e.g. in series with one of the supply mains T, Fig. 114. The 
flux is directed to the spaces in which sparking, or arcing, occurs by a 
pole-piece, or a series of pole-pieces, of special design, and either a 
transverse or a longitudinal (axial) distribution of the flux, relative to 
the axis of the contact drum and fingers, is employed. 

With a transverse distribution, the flux is perpendicular to the plane 
containing the contacts and the arcs are blown in an axial, or longi- 
tudinal, direction. For example, if in Fig. 114 the supply lead, T, is 
positive and the flux is directed inwards, perpendicularly to the plane of 
the paper, an arc forming between the top finger and segment will be 



(a) (b) (C) (d) 

Fig. 119. — Diagrams showing Direction of Force on Current-carrying 
Conductor in Magnctm Field. 

blown axially upwards, i.o. along the plane of the paper towards tho 
top of the page. 

If tho polarity of the flux is reversed and the polarity of tho supply 
is unaltered, tho directions in which the arcs are blown will bo reversed. 

In order to prevent tho arcs striking adjacent fingers, fireproof barriers, 
called “ arc deflectors,” are inserted horizontally between the fingers and 
segments. 

One example of the application of this form of magnetic blow'-out is 
shown in Fig. 120, and other examples are given later. In the controller 
shown in Fig. 120 the blow-out coil, B, is concentric with the steel shaft 
and is located in the cast-iron base of the controller. A lug G, projecting 
from tho base, directs the flux to the swinging pole-piece D, from which 
the arc deflectors E are carried. The pole-piece D is normally held 
against the lug G by a spring latch, and therefore occupies a position 
parallel to the contact tips of the fingers. Hence when the blow-out coil 
is excited a flux is produced between the pole-piece and the shaft, and 
arcs forming between lingers and segments will be blown towards the 
arc-deflector plates. * 

This type of blow-out ^which may be called the “ shaft ” type) is 
only suitable for controllers handling small currents, and is not adopted 
on tramcar controllers. It is, however, adopted on some types of master 
controllers for electric railways. 

With an axial (longitudinal) blow-out field, arcs forming between 
fingers and segments will be blown in a direction perpendicular to the 
axis of the contact drum, according to the directions of current and 
flux. Obviously, only the radially-outward direction is permissible ; 
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honcc in the application of this form of magnetic blow-out, special care 
must be taken to obtain the correct relationship between the directions 
of current and flux. For example, in the case of the controller of lig. 114, 
if the top finger, T, is positive, the blow-out field at this finger must be 
parallel to the plane of the paper and directed towards the top of the pa^, 
while that for the second, and the remaining, rheostatic fingers mu^ bo 
directed towanls the foot of the page, as indicated diagrammatically in 
Kill 121. This diagram shou's also the direction of the blow-out iiela lor 
the remaining fingixs and the positions in this field where consequent 
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magnetic poh's must be produced in order that all arcs may be. blown 
outwards. Examples of this form of magnetic blow-out are given later. 

Tramcar Controllers (IIequirements and General Features) 
a The functions of a (iontroller for a tramcar am (1) to control the speed 
of the car, (2) to control the direction of motion, and (3) to provide an 
electric brake, as required by statutory regulations for tramwayq in 
Groat Britain. Provision must also be made for cutting-out, if necessary, 
a defective motor, and for operating the car (for the purpose of returning 
it to a depot) with the remaining motor. In some cases provision must 
also be made for preventing a car running backwards when stopped on 

a steep rising gradient. . , 

A tramcar controller therefore differs from the controllers previously 
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discussed only in the provisions made for obtaining electric braking and 
for operating the car on one motor. 

Electric braking. Since dynamo-electric machines are reversible in 
their functions, the motors on a car can bo operated as self-excited 
electric generators — provided that certain conditions arti satisfied — when 
driven by the momentum of the car. When thus driven as generators, 
the machines are loaded by rheostats, and the energy which is dissipated 
in the latter, as well as that necessary to supply the losses in the genera- 
tors, is derived from the kinetic energy of tlu^ moving car. Th(;refore the 
motors on a car may be made to produce a retarding torque and to a(?t 
as a brake, the braking i^ffect being regulati'd by varying tht‘ amount of 
resistance in the load circuit. Th(^ use of the motors for braking, as vvc^ll 



Fio. 121, — Direct ion.s of Axial BJow-out Fields 
for Controller of Fig. 114. 


au for accelerating, purposes would, under normal servict^ conditions, 
result in additional luxating, and (;ars so operat(‘d would require larger 
motors than those in whicli the motors were us(*d only for driving jmr- 
poses. When, however, magnetic track braki's are fitted to the car, the 
(jxciting coils of tlie brake magnets may be connected in series with the 
loading rheostats, so that tlu^se magnets are excited wdu‘.n thc^ motors 
are operating as gi^nerators. By theses means additional braking is 
obtained, and, when the wheel brakes are also operated mechanically 
from the track brakes, a high retardation is obtaiiu^d with ndativeJy 
small output from the generators. Under these conditions tlu^ electric 
brake may be employed for service stojxs without involving excess! >fe 
temperature rise or exceptionally large motors. On the larger tramway 
systems of this country the ekk*trical equipment of the cars is used in 
this dual manner. 

Conditiogis governing electric braking. To o]>(*rate the stuies-wound 
car motors as self-excited series generators when driven by th(^ monumtum 
of the car, two conditions must lie satisfied — 

(1) The armature and field connections must be roverscHl relatively 
to each other. 
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(2) A rheostatic load, the maximum resistance of which does not 
exceed a pre-determined value, must be connected across the terminals 
of the machines. 

The reversal of connections is necessary because, under normal braking 
conditions, the direction of rotation is the same as that when the car is 
running under power. Hence, due to the series excitation of the ^ield 
winding, a reversal of the armature relatively to the field winding, or vice 
versa, is required in order that the machine may build-up as a generator 
when it is connected to a load. 

, The second condition, in which the maximum value of the loading 
resistance is specified, arises from an inherent characteristic of series 
generators, viz. that a generator of this type will not excite if the resistance 
of the load connectedrto its terminals exceeds a critical value. 

Connections of motors for electric braking. With two-motor equip- 
ments, the motors arc connected in parallel for electric braking as the 
series connection of the machines would produce an excessive voltage 



across the loading rheostats, thereby necessitating not only special 
insulation but rheostats of considerably higher resistance than those 
required for starting purposes. With the 2 ^arallol connection of tl.e 
motors, however, the starting rheostats, with one or two additional 
sections, may bo utilized as loading rheostats. But in this case precautions 
have to be taken to ensure stable operation of the generators. 

Stability in the 02 )eration of two parallel -connected series generators 
is obtained either by equalizing the exciting currents, e.g. by connecting 
the field windings in parallel, as in Fig. 122a, or by supjdying the excita- 
tion of one machine from the armature of the other machine, and vice 
versa, as shown in Fig. 1226. Obviously the scluunc of Fig. 1226 can 
only be applied to similar machines. 

The schemes of braking connections shown in .Fig. 122, although being 
sitnilar in their effect of giving stable operation of the generators under 
normal braking conditions, possess an important difference under abnor- 
mal conditions. For instance, if the direction of rotation of the generators 
is reversed (due to, say, a run- back) and the armature and field connections 
are the same as for normal braking conditions, no braking e^ect can be 
obtained with the connections of Kg. 122a, as the machines will fail to 
excite. On the other hand, an emergency braking effect will be obtained 
with the connections of Fig. 1226, as the machines will build-up in series 
and will be short-circuited upon themselves ; their operation being now 
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similar to that when two parallel-connected machines are operated without 
an equalizing connection, Pig. 122c. In order that the emergency 
braking effect may be obtained, it is necessary that one machine shall 
build-up more quickly than the other. 

Again, when the equalized -field coimection of Fig. 122a is applied to 
commutating-pole motors, the commutating-pole windings (which are 
connected in the appropriate armature circuits) and the armatures form 
a closed circuit. Hence, if the commutating poles are not set correctly 
with respect to the main poles and brushes, there is a possibility, provided 
that the conditions are suitable, of the machines building-up, with the, 
commutating-pole excitation, as short-circuited series generators ; this 
action being more marked in the event of one machine building-up more 
rapidly than the other. Under these circumstances very little current 
will pass through the external circuit, and in consequence the braking 
effect will be extremely small. Cases have occurred in practice where 
currents of over 100 amperes have been obtained in the armature circuits 
with only about 10 to 15 amperes in the external circuit. 

These conditions cannot occur with the “ crossed-field ” connection of 
Fig. 1226, but in this case a defect in ong motor, or a bad (high-resistance) 
connection in the motor circuits, will render the machines ineffective for 
braking purposes.* Alternatively, each machine may bo braked sepa- 
rately, which scheme is adopted in the controller illustrated in I'ig. 131. 

In the event of the above conditions occurring with the equalized- 
field connection in practice, the braking may bo improved by connecting 
a resislance of low value (()’5 ohm or less,* according to the actual cir- 
cumstances) in scries with each armature. This resistance is, of course, 
permanently in circuit when the machines are motoring, and its value 
should be chosen as low as is consistent with the operating conditions. 

Series-parallel controller arranged for electric braking. In controllers 
of this type, the control of the motors during starting and braking is 
effected by a single operating handle ; starting and speed regulation 
bciitg effected by moving the handle to one side of the “ off position 
(in, say, a clockwise direction), and electric braking by moving the handle 
to the other side of the “ off ” position (in, say, a counter-clockwise 
direction). A separate drum and handle is provided for controlling the 
direction of motion of the car. 

The main, or operating, contact drum must, therefore, bo provided 
with two sets of segments, viz. one sot for starting and speed regulation 
and the other set for braking. These segments must make contact with 
a single line of fingers, but by suitable connections certain fingers may be 
used for both “ power ” and brake ’’ segments. 

It has already bcjcn shown that, during braking, the motors must bo 
operated in parallel with reversed connections and lotwled on the starting 
rheostats. As it is irnpractieable to reverse the motor connections by 
operiting the reversing drum of the controller each time braking is 
required, t a separate set of fingers and sc^gments — equivalent to those of 

* The first contingency is provided for in modem tramcar controllers. 

t In some early typos of tramcar controllers, tho rewt^rsing drum was reversed 
mechanically (independently of tlio reversing liandle) wlicn the main drum was 
moved to tho “ brake ” positions. Tliis method, however, has been abandoned in 
favour of that described in the text. 
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a reversing drum — must be add('d to the main drum. These fingers and 
scigrnents also effect the parallel connection of the motors for braking. 
They arc arranged to break contact after those of the power drum, so 
that arcing is confiru d to th(‘ latter. 

The conri(u;tion of the gem^rators to the loading rheostats, and the 
regulation of the resistance of this circuit, is effected by a set of segments 
which make contact with the rheostatic fingers of the power drum, an 



Fio, 12S. — Connections of Sorios-purttllcl ConirolJor, arranged for 
Electric Jiraking, witli Kuii-back Preventer and Motor Cut-outs. * 

To cut out motor No. t, raise fingers inarked *. 

'I’o cut out motor No. riiisu fingers marked f. 

additional finger and segment b(»ing re({uired when magnetic track 
brakes are used. 

The complete connetjiions of the controlltT are shown in Fig. 123. 

Run-back preventer. It has been shown (p. ISO) that with parallel- 
connected generators and equaliz(*d fiiild windings (Fig. 122a) electric 
braking can only be obtained (with fixed connections) in one direction of 
rotation. Hence, Avhen braking with the controller of Fig. 123, the 
Reversing drum must b(i set for the direction in which the ear is actually 
moving. This limitation is very important, in the event of a car being 
stopped on a stcei) rising gradient, for, if the ear should run backwards, 
the electric brake will be inoperative unless the reversing handle is 
thrown to the “ reverse ” or “ backward ” position. r 

Iti order to provide for this contingency certain segments of the 
“ power ’* side of the auxiliary drum may be extended (as in Fig. 123) 
so as not to break contact with the fingers in the “ off ” position, and by 
means of additional segments fitted in the “ off ” position of the main 
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drum, a short circuit is established across one motor when the drum is 
in the “ off ” position. This short-circuited motor cannot build-up as a 
generator when the controller is returned to the “ off ” position and the 
car is '' coasting,” the reversing handle being set for the direction in which 
the car is moving. In the event, however, of a oar running backwards 
this motor will excite as a short-circuited generator and check the car’s 
progress.* 

The device described is called a “ run-ba(;k preventer.” It is a valu- 
able adjunct to the cojitrol equipment of ears operating over hilly routes, 
but is, of course, only effective in the ” off ” position of the controller. 

In cas(*,s where the motors are cross-connected for braking, as in 
Fig. 1226, the braking pc)sitions of th(^ controller are (^fTo(itive for both 
directions of motion of the car, and may, tlu'n^fore, be used for preventing 
a run-back. 

Motor cut-out. The dc^vice for cutting-out a defcjctive motor and 
enabling the car to be operated on t he remaining motoj’ may take various 
forms, such as-'-(«) sj)ecial fing(U’s which can bt; lifted from their normal 
positions and locked in the raised positions, th(U*eby opening the circuits 
connected to those} fingcTS ; (h) special double-throw switches mounted 
on the terminal board of the controller ; (c) additional st}gments fitted 
to the reversing drum and additional opi^rating positions therefor ; 
(d) separate reversing drums (provided with additional segments for the 
” off ” position) for each motor, and an extern ally -operated mechanical 
device for coupling cither drum or both drjims to th(} reversing handki ; 
(c) a special design of reversing drum and an externally-operated mech- 
anical device for altering the axial position of the drum relatively to the 
fingers. 

With devices (c), (d), (e), the cutting-out of a motor is effected from 
the outside of the controlhu', but with (a) and (b) the controller cover 
must bo openctl to operate the cut-out d(}vice. 

Device (a) is the simx)lest in its application, as no additional fingers, 
sediments, or wiring are necessary. Usually four fingers are fitted with 
locking-olf cams, as indicated in Fig. 123. When operating on one motor, 
the scries ” power ” positions are ineffective ; th(}refore th(} operating 
handle must be moved to th(} parallel })ositions to start the motor. All 
brake positions, however, ar(} effective. 

With device (b) two double-throw swilch(*s an} required, but no 
additional fingers and segimuits are necessary. Th(} wiring is such that 
the normal conn(}ctions between the defective motor and the fingiTs are 
opened, and these fingers are connected togotlu'r to comphdc} the circuit, 
through the controller, t(} the other motor. Power is sui)plied to the 
remaining motor in the firries positions of th(} operating drum, and th/} 
latter must be prevented from passing to the j)arallcl positions by a stop 
which is brought into operation automatically when either cut-out 
switch is operated. This device is adopted in certain types of the older 
controllers operating in this country, and is practically a standard feature 
in controlldts of American design. 

* An olootrio brako, doponding for its action on the motion of the car, cannot 

“ liold ** the car on an incline, although it can prevent the car from running away. 
Mechanical brakes arc necessary for holding a car on an incline. 
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Cut-out dovices (c), (d), (e) are to be found in modern British tramcar 
controllers. 

Attention may now be re-directed to Fig. 123, which shows the 
connections of a series-parallel controller, arranged for electric braking, 
with separate reversing drum, run-back preventer, and motor cut-out 
device. This diagram has been built up, step by step, from elemeptary 
principles, and contains all the features nt^cossary for a tramcar con- 
troller. The diagrams for acjtual modern controllers are slightly more 
complicated than Fig. 123, owing to the use of a larger number of “ brake 
^positions and the adoption of an externally operated cut-out device, but 



the principles involved are the same as those discussed earlier in this 
chapter and applied to the controller of Fig. 123. 

ExAMPiiKS OF Modern Tramcar (controllers 
B 510 controller of British Thomson-Houston Co. This controller is 
designed for motors having individual ratings up to 45 h.p. at 600 volts. 
The controller, with cover removed and arc deflector open, is illustrated 
in Fig. 124, and among its interesting features arc : (1) the fingers and 
segments, (2) the magnetic blow-out, (3) the motor cut-out switch. « 
The fingers, Fig. 125, are of the pivoted type with renewable tips. 
The contact pnissure is obtained frenn spiral compression springs which 
are adjustable, and flexible copper shunts connect each finger to its 
terminal base, so that no current is carried by either the hinge or the 
compression spring. 

The segments are fitted to split “ body castings,” which are clamped 
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to a mica-insulated square shaft, Ronowablo tips arc fitted to those 
egments subjected to arcing. 

The magnetic blow-out is of the “ individual-finger ” type, a blow-out 
coil being fitted to the finger bases of each of the main fingers. Iron plates 
are moulded in the arc defl(iC*tors to direct the flux to the contact tips of 



Fio. 125. — B.T.-H. Controller Finger. 


the fingers. This type of l)low-out closely resenil)les that onqiloyod with 
contactor-type controllers (p. 205). 

The cut-out switch is of the drum typo : it is locatt^d iin mediately 
below the reversing drum, anti its operating spindki oxttmds through the 
cap-plate as shown in Fig. 124. The cut-out spindle is o})crated by the 



eJ6-Oi/6. co6~oob. 



Fio. 120. — Connections of B.T.-H. Drum -type 
^Tramcar Controller. 

• 

reversing handle, which must bo removed from the spindle of the reversing 
drum for this purpose. The latter operation is possible only when the 
reversing drum is in the “ off ” position (i.e. when the main drum is 
“ off,” as an interlocking device between the drums ensures that the 
reversing drum can be moved only when the main drum is “ off ”). 

The cut-out switch has three positions, viz. both motors in circuit, 
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No. 1 motor cut out, No. 2 motor cut out. The connections of its nine 
fingers and three groups of segments an* shown in the simplified dia g ram 
in Fig. 126. When this switch is in either of the “ cut-out ” j^ositions an 



Fici. 127. -13.T.-H. Spocial Oporating Handle and Contaetors for 
Drum -typo Trarnoar Controllers. 



o Fig. 128. Connoctioiis of H.T.-H. Operating Handle for Drum -type 

Tramcar Controllei*s. 

« 

interlocking device prevc^nts the main drum being moved beyond*^ the 
“full series position. 

A simplified diagram of connections is given in Fig. 120, which the 
fingers and segments of the reversing drum are omitted, but the positions 
of the fingers in the armature circuits are indicated. Transition is by the 
shunt method (Fig. 110), and the motors are cross -connected for braking 
(Fig. 122(6)). When either motor is out out, eh'ctric braking can be 
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Fui. 12ft. - -Motropolitan-Vickors CoinWiiod Contactor and Dmni T.y|W 
Tramcar Controller. 

Views of (1) controller comi>lete, ( J) arc chute removed, (3) liortioii of contactors and bevel gearing. 
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obtained with the remaining motor, but in this case the position of the 
reversing handle must always correspond to the actual direction of motion 
of the car. 

Note. — Further examples of drum-type traincar controllers (including 
those of the M(^tro 2 )olitan- Vickers and English Electric Co.’s manufacture) 
are given in the author’s Electric Motors and Control Systems (pp. 185-200). 

Fon Rev,, Fon Rey, 



Fig. 129a. — Connections of Mclropolitan-Vickors Contactor and 
Drum Ty|H5 Tramcar Controller. 


« Special operating handle for controlling contactor-type circuit-breaking 
switches. The B 510 controller (or any other type of tramcar controller) 
can be fitted with a special ojierating hand'lc — ^in place of the stamlard 
handle shown in Fig. 124 — which controls a contactor-type circuit breaker 
external to the controller. With this special operating handje, Fig. 127, 
the main circuits are always broken by the contactor circuit breaker 
when the controller is moved to the “ off ” position, and in consequence 
the wear and maintenance of the main fingers and segments of the con- 
troller are considerably reduced (since the greatest wear is duo to the 
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burning which results from arcing when circuits arc broken). The handle 
also includcs^a ‘‘ dead-man’s ” feature of such a nature that the motor- 
man must keep the operating handle depressed while current is being 
supplied to the motors. If ho removes his hand from the handle the 
circuit breakers are immediately opened. 

The contactor-type circuit breaker consists of tw'o small electro- 
magnetic contactors mounted on a panel and located in any convenient 
jiosition on the ear. I’lie main contacts are connected in series with the 



Fig. -B.T.-Jt. ('ornbinc*(l Contactor ami Drum Typo Tmir.cur 
{'ontrollor. 


main supply to tlu' controller, as shown in tlu? (u)nn(x4ion diagram, 
Fig. 128. Th(‘ ojM'rating (uiils arc (jonnc'cttui in series with an isolating 
switch and fiisi^, the contacts in the handle and an interlocking contact, 
(\ Fig. 128. 

« The fuiKjtion of the interlocking contiic;t is to })n^vent the re-closing 
of tli(‘ contactors if they tire o])ened by the reh'ase of the operating handle 
in any of the running positions of the coiftroller. The interlocking is 
etfected, in conjunction with an auxiliary circuit-closing switch on one 
of the contactors, in tlu' following manner : When tlu^ controller is “ off ” 
the control circuit of the contactors is open. As soon as the controller 
is moved to the first “ power ” position the control circuit is established 
via the interlocking contact, provided that the “ dead-man’s ” contact 
is closed (i.e. the handle is depressed). When the*, contactors close, the 
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interlocking contact is short-circuited by the circuit-closing auxiliary 
switch, and therefore the contactors remain closed when the interlocking 
contact is broken by moving controller to second and following notches. 

If the handle is moved towards the ‘‘ off ” position the control circuit 
is immediat(‘ly int(Triiptc*d at the contact in the handle. The main circuit 


POWER 



Kio. 1 31 A.' -CoiiTieotioiis of H.T.-H. Coinbinod Conturlor »uul Drum Type 
Trarncar (’out roller. 


is, therefore, broken by tlie contactors before tlie main drum of the 
controller has mov^ed. 

Combined drum and cam-shaft contactor controllers. ControlhTs of 
this typo have recently been developed to metd. the sev(^rcst tramway 
service conditions. Views of a Metropolitan- Vickers controll(*r are shown 
in J^ig. 129, and a diagram of connections is shown in Fig. 120a. 

The controller consists of a combined reversing and cut-out drum 
(which is centrally placed in the upper part of the case and is operated 
through linkwork by the reversing handle) ; a group of eight cam- 
operated contactors ; and a group of fingers (arranged horizontally at 
the lower part of the case) with a corresponding contact quadrant, 
which is mechanically connected with the camshaft. These fingers and 






Fig. 132. — English -Electric Trolley-bus Controller. 





*l (•;o43) 


Fig. 132a.— English-Electric Trolley-bus Controller with Fig. 1 32ji.— Connections of English-Electric 

Operating Levers in Position. Trolley-bus Controller. 
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H(5gments form a change-over switch for effecting the change of connec- 
tions Ixitw'cen power and braking. The quadrant has three positions, 
viz. “ poww,’^ “ off,” “ brake ” : it is operated by a cam mechanism 
from the eamsliaft which actuates the contactors, and is locked in each 
j)<).sition. Moreover, this quadrant is moved only w'hen all the contactors 
are open (i.t\ when the main circuits are open). 

The main operating handle is connected to a central shaft — on which 
the reversing drum is loosely mounted — the Iowct end of which terminates 
ill a bevel wheel which engages with a corresponding whet4 fixed to the 
camshaft, as shown in the detail view in Fig. 129. 

Each of the contactors consists of a fixed contact, which is pro- 
vided with an individual magnetic blow-out, and a hinged moving 
contact, which is fitted with a roller and a eomjiression spring. In the 
“ off ” position of tlic controller the rollers are off the cams, and the 
moving contacts are maintained in the “ off ” position by the action of 
the springs. When an appropriate cam engages the roller of a contactor, 
the moving contact is lifted and the contactor is closed against the action 
of the spring, as shown in the detail vi(‘w of Fig. 129. A wiping 
action occurs at the contact during closing, the object of which is to 
(‘iisure that the circuit is made and broken at the contact tips so that 
any burning of the ti])s due to arcing shall not damages the contact 
tac(*s. 

Each contactor is provided Mith a separate arc chute and a jiowcrful 
magnetic blow-out, so that ^ircing is effectively suppressed. In con- 
sequence of this fcjature and the rapid opening of the contactor, due to 
the spring, arcing at the contacts is effectively suppressc^d. (It is, of 
course, due to thesci features that contactors jiossivss such a great advan- 
tage over drum-typ(! controllers for large currents.) 

A General Electric controller is illustrated in Fig. 130, and a diagram 
of connections is shown in Fig. 130a. In this controller the camshaft is 
vertical and arranged centrally. The thirteen contactors — t'ach of w'hich 
is fitted with a blow-out coil — are located at the right-hand side of'^he 
camshaft. The combined reversing and cut-out drum, together with the 
change-over (brake) drum, are locat(*d at the l(*fi-hand side of the cam- 
shaft. The reversing drum is operated, through linkwoik, from a knob 
located in the cap-jJate on the right-hand side of the main operating 
handle, but the cut-out device is operated from a knob on the left-hand 
side of this handle. The change-over (brake) drum is actuated by a cam 
fixed to the camshaft. 

'I'hc thirteen contactors are built as a complete unit and are assembled 
on twin mica-insulated rods clamped to the controller back. The earns 
ere insulated from the camshaft, which is mounted in ball bearings and 
is fitted with a non-removable handle. 

The blow-out coils are provided with ste^l cores, which, when the arc 
deflectors are closed, are (ionnected to steel plates embodied in the arc 
deflector plates. 

The cut-out knob is so connected to the linkwork of the reversing 
drum that the angular movement of this drum, corresponding to the 
movement of the reversing knob and handle, is dependent upon the 
position of the cut-out knob ; e.g. when the cut-out knob is in either of 
the “ cut-out ” positions the throwing of the reversing handle to an 
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operating position moves the reversing drum to the corresponding cut- 
out position indicated in Fig. 130a. 

The B.T.-H. controller, with cover and arc deflectors removed, is 
illustrated in Fig. 131. It consists of a main contact drum, a reversing 
drum, a drum-typo motor cut-out switch, and a group of seven cam- 
operated contactors. The fingers and segments of the main drum possess 



Fio. 133. — Connoctions and Development of Kansomes, Sims & .lefferies 
and Kloctro-M(M'hanieaI Drake Co.’s Series-imrallel Controller for Twin- • 
motor TroIIey-l)n.s. 

features similar to those mentioned in conru^ctioji with the B 510 con- 
troller. The reversing drum and motor cut-out switch occupy the upper 
and lower night-hand positions respectively in Fig. 131, and are oj)eratcd 
in the same manner as those of the B 510 (controller. 

The main handle operat(*s the main contact drum in the same manner 
as in a standard controller and is also geared, through skew gearing, to 
a horizontal shaft, to which seven cams are fitted. The cams are insulated 



11)6 


ELECTRIC TRACTION 


from the shaft and o|)(^ralo tlie moving contacts of the contactors by 
means of rollers. 

The (jontactors are connect (?d in the jjower and braking circuits as 
shown in tluj simplified diagram of connections, Fig. 131 a. Astudy of this 
diagram will show that (1) transition is by the shunt method, (2) one 
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motor is short-circuited in the “ off ” position of the main drum, (3) the 
motors are cross-connect (^d for the first three braking positions, and 
(4) each motor is braked s(*parately for the remaining braking positiors.* 

TrOLLF V- Bus CoNTROLLKRS 

Control l(*rs for trolley biis(*s are usually of th(^ pedal- or foot-operated 
type, in ordt‘r that the driver may have both hands available for steering 

* Separate braking of eacli motor has been found desirable in practice with 
coininutating-polo machines. See page, 181. 
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and applications of tlu* hand brake. In all c*as(‘s a hand-operated rt'versing 
switch is ('mployed which is interlo(*ked, either mechanically or ('lectrically, 
with the main controller so that the form(‘r (^an only he operated when 
power has been cut off. rsually no ])rovision is made for service (ilectric 
braking, as the vehicles are equipped with both foot- and hand-op('rate<l 
brakes and, in sonu* cases, cornpr<*ss('d-air brake's (eontroIl('(l by a 
foot-oj)crated valve) are provided in aeldition. With single-motor 
equipments, however, arrange'im'iits are* usually made' for e'liu'rgency 
electric braking. 

With two-motor e'quipments, e)r tlu'ir e'quivah'nl, the ce)ntre)lle‘r is*e)f 
the^ serie's-paralled type anel is usually titte'el with a e'ut-out switch te) 



Fhj. H.T.-FI. Hainl-ojjoratc (1 Rrvt'rscr 

for Trollej -bus (^ontrol Fquipmont. 

enable' the' vehicle to be ojK'rate'el on erne ine)te)r in the' eve'iit e)f the edheu* 
motor be'e^oming elisabled. 

On ae^count e)f the limite'el spaeu' available feu* the' controller anel the 
spe'ejml medhod of e)peratie)n, the construction eiiffers in many respects 
fre)m that e)f a stanelard trarne'ar contre)lle*r. More'ove'r, as the contredkr 
has to bo mounte'd he)rizontally, at fle>e)r level, in a rather awkwarel 
pe)sition feu' carrying e)ut inspectie)ns and aeljustments, the maintenance 
mmjt bei kept low. 

In semie case's inelivielual e'le'edro-magnetic contactors arc employed 
fejr the* me)4e)r circuits, anel the penial -eqje'ra ten I e*onlre)lle'r has then only 
te) handle* the small o]3erati!ig curre'iit of the cM)ntacte)rs. This fe)rm eff 
remote* contre)! re*se*nd)le\s that eun])le)ye*el in e*lectric railway traction anel 
is discusse'd fully in the following chapter. Fe)r the trolley bus, remote 
control possesses the advantages over direct control that (1) the master 
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controller is smaller, (2) it requires less force to operate, (3) the main- 
tenance is less than that of a pedal-operated main eontroller, and (4) the 
contactors can be mounted in a position convenient for inspection. 

Example of pedal-operated controUer for single-motor vehicle. Views 
of an English -Electric eontroller, operating on the camshaft contactor 
princij)le, are shown in Fig. 132. The controller is constructed on ‘the 
“ unit ” principle, and any of the principal parts can be easily removed 
by withdrawing four bolts. The top unit includes the contactors and 



Contactors 


Fig. \o ConiUM'tions of Master Contrr)ller. ronluetors, 
ttiul ' verse r for IFT.-H. yingle-rnotor Trolley-bus 
Kqiiipnn’iits. 

bknv-out coils ; tlu^ central unit the camshaft, and the bottom 
“ unit ” is the reverser. 

The camshaft is ratchet -driven from a pedal, which is connected 
through linkwork to the operating mechanism, as shown in Fig. 132 a. 

Provision is made for rheostatic braking, a separate change-over 
switch, shown in front of the pedals in Fig. 132 a, being provided for 
changing the connections (Fig. 132 b). Tht^ first four stejis of the cam- 
shaft controller control the braking torqu(\ 

Example of pedal-operated series-parallel controller. This controller 
(which was developed for Messrs. Kansomes, Sims & Jefferies’ twin- motor 
vehicles) is of the drum type, and is used in conjunction w'ith three electro- 
magnetic contactors ; such a combination possessing the advantages 
that all serious arcing may be confined to the contactors, aiubthat bridge 
transition may be employed with a simple arrangenu^nt of fingers and 
segments in the controller. The simplicity of the main contact drum 
can be seen from the connection and development diagram. Fig. 133. 

The controller consists of a pedal-operated ratchet -driven main drum, 
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and a hand-operated reversing drum, which is fitted with a device to 
enable cither motor to be cut out if necessary. The two drums are 
mechanically interlocked in a manner similar to those of a tramcar 
controller. Moreover, when cither motor is cut out the main drum 
cannot be moved beyond the third (full series) notch. The method of 
operating the main drum is as follows — 

When the reversing lever has been set for the required direction of 
motion, the foot pedal is fully depressed, which moves the main drum 
forward one notch. The pedal is released a certain amount and again 



Fig. 137. — B.T.-H. Contactor Group for^oiitrol of Tvvin-niolor 
3Volloy- buses. 

[nimriisions— aCF x 21" X 9".] 


depressed, which moves the drum to the second notch. Succeeding 
notcht's arc obtained in tlu* same manner. Thi' full release of the pedal 
causes the dium to return to the “ off " position, and at the saints time 
opens an int<*rlocking contact which is in scries with tht^ operating coils 
of the contactors. This circuit is opened bt'fort^ tht* drum returns to the 
“ off ” position, and thtTcfore the circuit is broken by the contactors. 

Th(^ contactors are controlled by four fingers and a set of segments 
connected to the main drum of the controller. Two interlocks are 
included in the control circuit : one is actuated by the brakes and opens 
the control circuit when the brakes are applied ; the other is actuated 
by^the pedal and opens the control circuit when the pedal is fully released. 

The controller has seven operating positions, viz., three series (two of 
which are* “ rheostatic ” steps) and four parallel (two of which are 
“ rheostatic ” steps, and two are “ full-parallel ” steps, one (No. 7) being 
a shunted field step. 

Transition is effected entirely by the contactors in the follow'ing 
manner — 
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Tho contacts of thi* “ series ” contactor, B, arc first transferred by 
means of contacts on tin* main drum, from the inner ends, R^, RRi, of 
the starting rheostats to the oiit(M* <‘nds R, ; so that this contactor 

forms a dircict series (^onll(‘etion hetwec'ii tlu^ motors, and corresponds to 
^connection X, Kif^. III. (Contactors A and (' arc then closed, thus 
forming th(‘ “ bridge ” network, l^'inally, contactor B is opened. 

Example of contactor-type (remote) control. The control equipment 
comprises : a pedal-opcTatc'd imistcu* controller, a hand-operated reverscr, 
an<l a group of ek'ctro-magnetic contactors (which includes a pair of 
main circuit -breaking or “ line ” contactors and a numb(‘r of contactors 
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for (;utting-oul tlu^ sections of th(‘ starting rlieostat and for effecting the 
combinations of the motors). 

Fig. 1114 shows a tyjiieal mast(‘r controller, Kig. 135 shows a hand- 
op(Tated revers(‘r, and Fig. 137 shows a group of contactors for the 
control of a two-motor v(*hicle. 

• A sim])litied diagram of connections for a single-motor equipment is 
given in Fig. 130, in which tlu^ electrical interlocking of the master 
(!ontrollcr, reverser, and “line" contactors "should be observed. This 
interlocking ensures that the line contactors can be closed only when 
(a) the n^verser is set for the desired direction of motion of the vehicle, 
and (h) the master controlh^r is in the first position. 

The master controll(*r is of relatiwly small dimensions. It may be so 
arranged that when the pedal is depressed against the return spring the 
controller is moved to either the “ on ” positions or the “ off ” position. 
In the latter case the controller is normally in tlu* full-on ” position, and 






CONTROL OF DIRECT-CURRENT TRACTION MOTORS 201 

the pedal must be depress(»d to the first operating position to obtain 
current in the motor circuit, after which it is released to the full-on 
position to obtain full speed. 

When the controller is arranged for shunted-fiold ojuiration a definite 
stop is 2 >rovided at the full-fi(d(l running points in both the series and 
parallel combinations with two-motor (equipments. the controller' 

cannot be notched up to a shunted -field 2 )osition without a pause being 
made in the preceding full-fieJd runrnng position. 

When emergency (dt'ctric braking is required, additional notches are 
provided on the r(‘vers(T. These notch(‘s connect the motor as a seri(\s 
generator to the starting rheostats (as load), th(' latter being cut out in 
a number of ste])s. To obtain (‘l(‘ctric braking tlu‘ rov(*rser must be 
thrown to thc'se positions in tlie opposit(' direction in wliich tlie vehicle 
is moving, this opc'ration cutting off pow(‘r from tlu* contactors. Th(i 
braking is regiilat(*d (^ntindy by the r(‘V(‘rsi*r, tlu^ master (controller and 
contactors being (completely in(‘ff(‘ctive, owing to tluc control circuit 
iM'ing int(^rrupt(Ml at the iiitc'rlockiiig eontatcis in tlu* r(*v(*rser. 

Eig. 138 shows the main-circuit coniK'ctions for the serii‘s-parallel 
control of a two-motor vehicle, bridg(' transition being (‘nqjloyc'd. Tw(dve 
contactors are reqiiir(‘d for tlu' el(‘V(‘n op(*rating points, of which tliive 
are ‘’running” points, viz.. No. 6 (series). No. 1(1 (paralh'l, full fi(*lds), 
No. 11 (paralhd, shunted fi('lds). Transition, which lak(*s plaeec ludween 
the sixth and seventh ])oints, is (‘ff(*(;t(‘d by chasing contacctors Nos. 7 
and 11 and opening N(^. 6 ; Nos. I and 5 ]:emaining closed. 



CHAPTER IX 


THE CONTROL OF DIRECT-CURRENT RAILWAY MOTORS 

Electric trains for suburban service are usually made up of a number 
of motor and trailer coaches, and the composition of the train is altered 
to suit the traffic. Thus for light traffic one motor-coach and one trailer 
m&y be sufficient, while for heavy traflic two or more motor-coaches 
and a number of trailers may be required. Each motor-coach may be 
equipped with two or four motors, but all of the motors throughout 
the train must bo control I (t 1 simultaneously from one point. 

Direct control. Wherci two motor-coaches are used, the control may 
be carried out in a manner similar to that adopted on tramcars by 
arranging the motor-coaches at the ends of the train and equipping each 
with a controller capable of controlling all the motors. With this type 
of control (calbnl the ‘‘direct ControP’ system) the whole of the power 
must pass through the controller at the driving end of the train. If the 
reversing is done at the controller, a larger number of train cables will be 
required, even if only two motors arc used on each motor-coach, and the 
majority of these cables must be of heavy cross-section. If, however, a 
remote controlled electrically operated reversing switch is used for each 
motor, the heavy train cabl(‘s irfay be reduced to a minimum of four, but 
to obtain this r(\sult the starting rheostats must be duplicated on each 
motor-coach (i.e. ('ach motor-coach is equipped with starting rheostats 
for its own motors and also for tlu^ motors on the other motor-coach, 
only one set of rheostats being in use at once). 

This system— -with remote-controlled rcvei’sers and duplicated starling 
rheostats — was d(‘vel<q)(Hl by Messrs. Dick, Kerr & Co. (now the English 
Electric Co.) for the original motor-coach trains on the Liverpool-Sou^^h- 
port section of the London, Midland and Scottish Railway. Further 
details arti given in th(‘- author’s Electric Motors and Control Systerns, 
pp. 201-205. 

Multiple-unit control. Th(^ direct systiuu of control, while giving a 
certain degree of flexibility to the composition of the train, limits the 
heaviest train to that which can be handled by two motor-coaches. To 
obtain greater flexibility an ijidirect method of control — ^known as the 
multiple-unit system— has been developed. In this system each group of 
two or four motors is provided with a serii's-parallel controller, a reverser, 
sterling rheostats, and current-collecting gear, and is considered as one 
unit of the train equipment. The motor-controller and reverser of each 
unit are operated electrically and remote vontrolled from a master- 
controller, which suppliers current to the control circuit of the mofeir- 
controller. The simultaneous control of any number of motor-controllers 
is obtained by connecting their control circuits in parallel. iThe motor 
circuits an? quit(? separate from the control circuit, and arc not inter- 
connected, excespt by the current-collecting gear. 

Master controllers, connected in parallel, may bo located at different 
parts of the train, but only one of these is in use at a time. Current is 

202 
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supplied to the control circuits through the master controller at the 
driving end of the train, and is conducted t(^ the various inotor-controllors 
by a multiple-conductor cable. 

With this system of control the maximum flexibility in the composition 
of the train is obtained, since, so far as the control is concemed, the 
maximum number of motor-coaches is limited only by the current- 
carrying capacity of the master controller and the control-circuit cable. 
Usually, however, the length and weight of the train arc the limiting 
conditions. A further advantage is that the master controllers occupy 
very little cab space, and the motor-controllers may be located underneath 
the coaches. 

The multiple-unit system of train control has n^ceived its greatest 
development in the Uniti^d States of America from the General Electric 
Co. (Schenectady) and Westinghouse Co. In that- country the system is 
used on an extensive scale, and, in fact, has entirely superseded large 
controllers. Multiple-unit systems have also been developed by the prin- 
cipal British and Continental manufacturers of traction equipment. 

Classification and application of multiple-unit systems. Multiple-unit 
systems are classified according to the systmn of oj)eration and the type 
of motor-controller. Thus the motor-controller may bi^ operated either 
entirely electrically (called “ aU electric” opcu'ation), or by pneumatic 
cylinders having electrically-operat(‘d control valv(\s (called “ electro- 
pneumatic” operation). Again, the motor-controller may consist either 
of a number of individual switches (calh^d unit switches” or ‘‘con- 
tactors”) each having its own operating mechanism and being self- 
contained, or, alternatively, a grouj) of switches or contactors may be 
operated by cams mounted on a common shaft, so that only a single oper- 
ating mechanism is required for the switch group. Motor-controllers of the 
former type are called unit-switch controllers, or individual-contactor 
controllers ; those of the latter type are (called cam-shaft controllers. 

Further, with a power-o])erated motor-controllt*r two methods of 
notching-up, or progression from stej) to step, are possible, viz. (1) syn- 
chronously with the movements of the master controller (and therefore 
under tln^ direct control of th(^ nudorman just as if a hand-operated 
motor-controller were in use), (2) automatically, the notching-up, when 
once started by the motorman, Ix^ing completed automatically (by means 
of relays and auxiliary switches) witliout further effort or skill being 
necessary on the part of the motorman. 

Application. The all-electric individual -contactor system has a very 
extensive application in this country, America, the (Continent, and other 
parts of the world where railways have been electrifiid on the dirqpt- 
cijjcteAt systt^n. 

The ejectroj-pneuniatic unit-switch system was developed originally 
b^the Westinghouse Companies, and its principal ai)plications are to be 
found in America. The system has also received development from a 
number of Continental firms, and many applications are to be found in 
Europe. In this country the system has been adapted to British railway 
practice by the Metropolitan- Vickers Electrical Co. (formerly the British 
Westinghouse Co.), and is in operation on the Metropolitan Railway, 
London. 
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Tlic cam-8haft motor-controller systems represent the latest develop- 
ment in mnltiple.-unit control. The system with (dectro-pneurnatic (opera- 
tion was (h'oveloped originally in AnuTiea by the CknuTal Electric Co., and 
that with all-(d(M;lric operation was developed in this (jountry by the 
English Electric (y\). Both systems havtj large applications in modern 
electrifications. 

Previous to the development of the electro-pneumatic cam-shaft 
controll(T the Westinghouse Co. had, in the early days of electric traction, 
applied elf^ctro-pneumatic operation to ordinary druin-type series-parallel 
controllers to adapt them to multiyde-unit operation. (Such controllers 
ar(^ still in service on the Merstjy Railway.) The electro-pneumatic drum 
controller was siibs(‘quently abandoiujd in favour (jf tin* tdectro-pneumatic 
unit-switch controller. In rc^cimt yc'ars, however, the Westinghouse Co. 
have developcid a cornbint'd (doctro-pneumatic unit-switch and drum 
controller in which contactors are (employed for the operations connected 
with the grouping of the motors, and a drum controller is employed for 
cutting-out the st^ctions of the starting rheostats. 

We shall now considei the contactor and cam-shaft systems more in 
detail. 


All-Elkctric Multipxjo-Unit Contactor System for 
bOO-VoLT (hROUlTS 

The iquipnu'iit which is n(M;(\ssary on a motor-coach for cjontrol pur- 
poses comprises — • 

Master controller, series-parallel motor-controller (with rheostats 
and reverser), control-circuit multi-(K)re cable? (control bus-line) with 
coupler sockets, curr(?nt-limit relay (for auto?natic control only), 
fiekl-tapping relay (for tapped-field control only). 

That necessary on a trailer coach compris(?s — 

Master controller (when required), (?ontrol-(;ircuit multi-core cable 
with coupler sockets. 

To ensure protection of the? oquipinent against overloads, and tO 
isolate, when ne(;(?ssary, the. control a])})aratus of any motor coach from 
the control bus-line, (iach motor-coach is further e(piij)ped with — 

Automatic; circuit breaker with (dc^ctrical resed, control switch for 
circuit breaker, isolating switch for maste.r controller, cut-out switch 
and fust;s for isolating the control circuit of the motor controller from 
the control bus-line?. 

A diagram is given in Fig. 139 to show the layout of the apparatus 
and the method of connections for a motor-coach equipped with two 
motors and intended for single-(;nd operation. It will be observed that 
br&nch connections from the control bus-line and also from the main 
bus-line (the object of which is to interconnect the collector shoes on the 
several motor-coaches of a train) are made by nutans of sp(;cial connection 
boxes. The possibility of faults in these cables due to bad jointing ^s, 
therefore, eliminated. The fuses shown in the main circuit are of the 
magnetic blow-out type; and are intended to give protection against 
short circuits. 

Contactor:. A group of from 12 to 14 contactors form the series- 
parallel motor-controller. The contactors are assembled in a common 
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frame for mounting either under the car (in which case suitable covers 
are provided) or in a compartment adjoining the driver’s cab. 

Each contactor consists essentially of (a) two contacts, one being 
fixed and the other inovable ; (b) a plunger-type electromagnet for 
operating the moving contact ; (c) a magnetic blow-out. ’rypical modern 
contactors are illustrated in Fig. 140. Ilcdcrring to illustration (a), the 
plunger P is connected by the pin D to the double lever A, B, which is 
hinged to the frame at (J. The lever B carries the moving contact and 
is connected to A by both a pin joint, E, and compression springs, S. 

The fixed contact is arranged vertically above the moving contact in 
the arc chute G, and is connected, through a blow-out coil, to the ter- 
minal T, The magnetic circuit of the blow-out COil is formed by an iron 



Fio. 139. — Layout of Control Afiparatus on Motor-coach of 
Multi])le-umt Train. 


core and two pole-pieces, one of which is shown at //. The pole-pieces 
arc designed to produce a strong magnetitj field in tlu) vicinity of the 
main contacts, and the latter are fitted with curvc'd horns to provide a 
definite path for the arc. In this manner the arc is confined to the centre 
of the arc-chute, and heavy currents may be broken successfully. 

An important feature in the operation of the contactor is the rol]ing 
or ‘‘wiping” action which takes place at the contacts when the con- 
tactor closes. This action is brought about by the springs S as follows : 
When the plunger is lifted, the double lever A , B moves about the fulcrum 
C until the contact tips touch. The vertical motion of the outer end of 
the contact-lever B is then arrested, and, since the plunger has. not 
completed its stroke, further vertical motion of B can only take place at 
the hinge E, The flexible link formed by the springs S allows this motion 
to ocjjur at E, and, at the same time, the moving contact rolls on the 
fixed contact, so that the contacts are brought together. In opening, the 
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reverse action takes place, and therefore arcing can only occur at the 
contact tips. The springs also provide the necessary pressure between 
the contacts and foreci the contact arm to move rapidly when the circuit 
of the operating coil is interrupted. 

The operating coil J is wound with sufficient turns to ensure satis- 
factory operation at one-half of the normal operating voltage. The 
normal operating current is about 1 ampere. 

To prevent incorrect operation of the contactors the operating coils 
are electrically interlocked by means of auxiliary contacts controlled by 
the. plunger. The auxiliary contacts are arranged at the back of the 
contactor and the circuit is opened or closed by means of a moving 
contact operated through linkwork from the plunger. 

All small wiring between the contactors forming a series-parallel 
controller is brought to a terminal board from which connections are 
made to the control bus-line cable. 

The o])erating iiK^chanism of the G.E.C. contactor, Fig. 140 ft, differs 
radically from that of the other contactors illustrated, the moving 
contact being operated directly by the plunger of the electromagnet in 
a manner similar to that adopted for an electro- pneumatic contactor. 
This design enables a relatively high (jontact pressure to be employed, 
in conseqmmce of which increased current-carrying capacity, for a given 
Avidth of contact, is obtained. 

The int(Tlocks are fixed to the front of the contactor and the moving 
contacts tire op(*rated through linkwork from the plunger of the electro- 
magnet. Provision is made for adjusting the stroke of the moving 
contacts without affecting the contact pressure. 

"I'lie contactor is supported by two pairs of mica-insulated steel 
rods, arranged horizontally behind the contactor, as shown in Fig. 
140 ft. 

The operating mechanism of the Metropolitan-Vickers contactor, 
Fig. 140 (c, r/), is similar to that of the B.T.-H. contactor, but the inter- 
locks (which are arranged at the back of the contactor) have a rotar^' 
instead of a straight-line, motion. 

Reverse!. A drum type, electrically operated, throw-over switch is 
employed for reversing the armature connections of each pair of motors. 
This switch has two positions, viz. “forward’’ and “reverse,” and is 
o])erated by two plunger-type electromagnets, tlu' solenoids of which 
are energized from the master controller. Each reverscr is interlocked elec- 
trically (by means of auxiliary switches) with the control circuit of its 
contactor group, so that the latter cannot operate unless the reverser is 
set correctly. 

ftaster controllers. Two types have been developed, one for non- 
automatic control and the other for automatic qpntrol. 

The non-automatic controller. Fig. 141, has separate contact drum^ 
for controlling the contactors and reverser. These drurhs are operated in 
a manner somewhat similar to the power and reversing dnvns of a 
tramcar controller. The driving handle, however, is fitted with a small 
knob, which must be held depressed during normal operation, otherwise 
power will be cut off from the control bus-line and an emergency applica- 
tion of the brakes will be made. A handle with such features is called a 
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** dead man^s handle,’’ as it ensures the stopping of the train in the event 
of any accident happening to the driver. 

The main contact drum, A, is fitted with segments to correspond to 
the several control steps or notches and is operated through gearing, in 
order that a movement of the driving handle shall give nearly a full 
rovoluti(m of the contact drum. This feature enables a relatively small 
diameter to be employed for the contact drum, and also permits the 
controller to be mounted directly against the vestibule of a coach. The 
fingers, H, are connected to the operating coils of the contactors (via the 
coptrol bus-line) and are provided with a magnetic b’ow-out of the 
“ shaft ” type, the blow-out coil being shown at C. The arc deflectors D 
are mounted on a hinged pole-piece E, which fits against a projection F, 
forming part of the controller base. 

A pair of contacts .7 — located in a chamber c^f fireproof insulation 
and provided with a blow-out coil 77— arc fixed to the controller- back 
just above the contact drum, and are conru^eted in series with the fingers 
supplying the control curi’ent to both main and reversing drums. They 
arc bridged by the fiiigcu-s G when the driving handle, vnth the knob, M, 
ik/presHod, is moved to tlie operating positions, but should this knob be 
r’cleased when the handhi is in any operating position, the fingers, 0, 
immediately open the control circuit. At the same time an emergency 
application of the brakes is made. The contacts J can be re-closed only 
by returning thc^ driving handle to the ‘‘ off ’’ position and again notching- 
up with the knob deiiressc'd. 

The automatic opc*ning of the auxiliary contacts by the release of 
(he knob M is efTect(‘d by thc^ levcT K in conjunction with the spring L. 
The latt(*.r is loose on the shaft but its u])p(^r (uid may bo coupled thereto 
by depressing the knob, provided that the driving handle is in the “ off ” 
position. The lower end of the spring is connected to the lever K in 
such a manner that when torsion is apjflied to the spring the lever is 
moved and the fingers G dose? the control circuit at tlie contacts J, The 
knob M, when depnvssed, also closes a pilot valve (which is spring- bias'll 
to the open position) connected to the train pipe of the air brake. This 
valve is cut out of action when the reversing handle is in the off,” or 
neutral, position. 

The njversing drum, N, is a two-way switch and is connected to the 
solenoids of the reveu’ser. 

IVo types of master controllers for automatic control are shown in 
Fig. 142. One (lontrollcT, Fig. I42(n), has a single operating handle vith 
a spring-return to the ‘‘ olT ” position. This liandle is fitted with a knob 
for controlling a pilot valve in the train pipe, but the valve may be 
renden‘d inoperative by inserting a key at X, The handle has operating 
positions on each side? of the “ off ” position. 

The other controller, Fig. 142(6), has separate operating handles for 
controlling the contactors and reverser. The segments of the reversing 
drum are, how(^ver, aiTanged concentric with those of the main drum^m 
order that all fingers may be? fixed to a mica-insulated steel bar. The 
driving handle has the “ dead man’s handle ” feature : its release on 
any notch automatically returns the upper portion of the main drum to 
the “ off ” position and opens a pilot valve connected to the train pipe. 

Circuit breaker. An electrically-operated circuit breaker is connected 
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in the circuit of each group of motors. This circuit lut^akcr follows the 
general design of the contactors, but is provided with a brush contact, 
auxiliary (or arcing) contacts, an overload release coil, and a shunt 
tripping coil. The closing coil is energized from a special switch in the 
motorman’s compartment, and the circuit-breaktT is held closed by a 





latch. It is tripped intlier automatically by the overload coil, or by eiK'rgiz- 
ing the shunt-trip coil from a switcli in the nu)torman\s comj)artnienV 

Typical connections for non-automatic control. A siin[)lified diagram 
of the motor and control-circuit connections for the bridge method 
of* transition* is given in Fig. J43.t In this diagram the coupler 

* The advantages of “ bridge ” transition have l)eon discussed in CJiaptor VJIl. 
For niultiflle-iunt operation th(? method has the fiirtiicr advantage that the prin- 
cipal contactors and rlicostats of a two-motor equipment have only to carry the 
current of om? motor. 

t This diagram reefers to the n.T.-H. iion-aiitomnlic control equipments in 
service on the London Uiidorground Electric Railways. 
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sockets and the auxiliary switches for the control circuit are klso 
shown. 

The auxiliary switches or interlocks on the contactors arc of two 
types — one type in which the auxiliary contacts are closed when the 
contactor is open, and the other type in which the auxiliary contacts are 
closed when the contactor is closed. 

The operation is as follows — 

On the first notch of the master controller a circuit is established 
through one of the coils of tlio reverser and the operating coils of con- 
tactors 5, (), S, 14. Observer that these contactors can only close provided 
that Nos. 1 and 13 are open. On the second notch, another circuit is 
established via the operating coil of contactor 12. On the third notch, 
the coils of cont factors 2 and 11 are connected in series with the coil of 
No. 12 ; while, on the fourth and fith notches, the coils of contactors 3, 
10 and 4, 9 are added nispectivciy to the series. When No. 9 closes, its 
auxiliary contacts energize the operating c()il of No. 13 ; and when this 
contactor closes tlu^ op(a*ating coil of No. 8 is opeiu^d automatically by 
the auxiliary contacts on No. 13. The main current has now a direct 
path throiigli contactor 13, and consequently the contactors 2, 3, 4, 9, 
10, 11, 12 may be op(Mi(*d without interrupting the motor circuit. This 
operation takes place on the transition notch. On the first parallel notch 
a circuit is established from th(? negative pole of the supjfiy, through the 
coils of contactors 7 and 1, thence^ to the positive pole through the 
operating coils of contactors 5, 6, 14, and the reversc^r. (The closing of 
contactor 1 automatically opefis contactor 13.) Anotlu'.r path is also 
formed through the operating coil of contactor 12. The rf>maining 
notches operate the coni actors 2, 1 1 ; 3, 10 ; and 4, 9. 

The interlocks on contactors fi and 7 are coninadc'd in th(j circuit 
of the closing coil of the circuit breaker, so that the lattcn* cannot be 
closed unless these contactors are ojKm. Moreover, the closing coil 
of the circuit breaker is connc^ctcd, through the master controller, U) a 
special switch, which is supplied through th() master controller swit'^h 
(see Fig. 143). As the latter switches arc off ” exce])t at tlu^ drivin'g 
master controller, th(^ driver has complete control (by nutans of train 
wires 5 and 7) over all th(^ circuit breakers on the train ; but although 
these circuit breakers may be tripped at any notch of th(^ controll(*r, they 
can only be clostal when the master controller is in th(», “ off ” ])osition. 

The cross-connection of tlui reverses* wires (0 and 8) should be noted. 
This cross-connection is necessary because tluj “ forward ” position of, 
say, the front master controller must correspond to the “ reverse 
position of the rear master controller. 

^Automatic control. The essential feature of automatic control is the 
use of curnmt-limit relays for controlling the opiTation of the contactors, 
one current-limit relay being provided for (*ach series-parallel motor- 
controller. ^ 

The general scheme of operation is that, as each “ rc^sistance con- 
tactor ” closes, it transfers (by means of auxiliary contacts) ils operat- 
ing coil from an actuating circuit (which includes the contacts of the 
relay) to a retaining circuit (which is independent of the relay con- 
tacts), and connects the operating coil of the contactor for the succeeding 
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stop to the actuating circuit via the contacts of the relay. These contacts 
are (iloscjd when the motor current is below a prescribed value, but are 
when tlu^ curr(^nt exc(H*ds this value. Hence, if the relay contacts 



Fig. 144 



Fig. 145. 

B.T.-H. and (J.K.C.-Oerlikon Accelerating Kclays for Automatic 

Control. f 

are closed, the contactor connected to the actuating circuit will be 
clostid; and will, in turn, transfer its operating coil to the retaining 
circuit. Th(^ contactors will automatically “ notch-up/’ step by step, 
until tht^ motor combination corresponding to the ]iosition of the master 
controller is reached, the rate at which the notching progresses being 
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controlled indirectly by the motor current. The notching, however, may 
bci arrested at any point, if desin^d, by a bacjkward movement of the 
master controllei*. 

Since the rt^sislanct^ st(‘ps are cut out only wlu*n th(^ im^tor current 
falls to the prescribed values it is possible, by correctly grading the 
rheostats, to obtain the same variation of motor current on t‘ach notch, 
so that the average aceelerating cuiTent, and therefore the average avcelera- 
tioHy Will be. romtanf. Ft should be noted that this constant average 
acceleration is obtained not through the skill of the motorman, but 
through the agency of relays, combined with th(^ correct grading of tiie 
rheostats. 

A line, or pot ntialy relay is also necessary on (‘ach motor coach ec|uipped 
for automatic control. Tliis relay has a shunt-wound operating c(»il — 
which is connected, together with a suitable seri(‘s resistances across the 
motor circuit — ancl contacts which are (jonm^ctcel in stories w'ith the 
“ retaining ” circuit, those contacts being closi?d w^h(*n thes operating coil 
is excited. 

The object of this relay is to int(^rrupt tlu^ control circuit when the 
voltage is removed from the motor circuit. For instaruM*, if a train of 
several motor coaclms is o[)erate(l wdlhout a “ bus-lim^ ” cable* (i.e. a cables 
interconnecting tlu^ collector shoes, of like polarity, throughout the train), 
the motor circuits are supplied through the individual coll(*ctor sh(H‘s on 
each motor-coach, whiles the whole of tluj control (jircuits are supplied 
from the driving coach. Hc^nce if, say, the n*ar motor-coacdi passc‘s over 
a dead section, the line rc'lay int(‘rrupts the control circuit oTi that c.oach, 
and closes it again automatically when the voltage is n*stor(‘d to the 
collector slu)es. The contactors, therefon*, must “ notch-up again in 
the same manner as if tlu\y were controlled by the* master controlliT. 

A typical current-limit relay is illustrateci in Fig. 144. It consists of 
two potential coils and a current coil, arranged on a common magnetic 
circuit. Each pot(*ntial (joil is provided with a ])lunger, which carrii*s a 
n; ^tallic disc cajmblc of short-circuiting a pair of contacts w'hen the 
]jlunger is in its lowest position. The plungers are jnovided with an 
adjustable time-limit device*, the imrpose of which is ex])lained later. 
The potential (;oils are connected in the circuits (d the operating coils of 
the contactors, and the curr(*nt coil is conn(*ct(‘d in the motor circuit. 

A modified form of relay is shown in Fig. 145. In this case two 
current coils (which are connected in series) are em])loyed, together with 
S(^parate magnetic circuits for the corresponding potential and current coils. 

Connections for automatic control. Schematic diagrams of the motor 
and control circuits are given in Figs. 140, 147,* and a simplified diagram 
oF typical connections is given in Fig. lis.f Jn both cas(*s th(^ control 
circuit is su})plicd dir(*ctly from the traction circuit (at 000 volts). Hence 

* Those connoctioiis uml Iho solieino of iiiinilx’rin^ tlic contactors arc typical 
of^the Motroj)olitaii- Vickers control systems on tiu^ Southern Railway’s motor- 
coach trains. 

A morcjeh'mcntary and introductory treatment of automatic control, togetlier 
with simple circuit diagrams, is giv’cii in tli<J Autlior's Traction Motor Control 
(Pitman’s Technical Primer Scries, 2.s. (kl. net). ^ 

t Thfjso connections and the scheino of numbering the cemt actors are typical of 
the British Thomson-Houston Co.'s control system installed on some of the trains 
oiKirating on the Central London and the Loiulou Underground Railways. 




Fig. 147. — Control -circuit Connections for Metropolitan-Vickers Automatic 
All-electric Control System. 
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as the contactor operating coils are designed for 100 volts, the operating 
circuits must always include six coils or their equivalent in resistance. 

The control-circuit bus-line cable consists of si^vcn wires, of which 
five are for the purpose of controlling the contactors and the remaining 
two are for the purpose of controlling the automatic circuit-breaker. 
Each the wires constituting the control circuit proper has a definitci 
function; thus No. I wire controls the “ actuating ” circuit of thc^ con- 
tactors ; No. 2 wire controls the “ retaining circuit of the contactors ; 
No. 3 wire controls the transition into parallel ; and wires Nos. 4 and 5 
(or 8 and 0, Fig. 148) control respectively the “ forward and “ n^vcTse- ” 
operating coils of the rcverscr, as well as the “ linci ” contactor and tfie 
contactor in No. 2 motor circuit. 

When the master controller is placed on tlu* first (series) notch 
“ forward,” two circuits are established. One circuit is from No. 5 
finger (Fig. 147), through the “ forward ” operating coil and interlocks 
of the revcrser,* through the operating coils of contactors M^ and 10, 
and thence to eartli through a rheostat. The other circuit is from No. 2 
finger, through the interlocks of contactors and thence through 

the operating coil of the “scries” contactor (JR) to earth via the 
auxiliary contacts of contactors Jfj, M 2 y J, RRiy Ri, R^y RR^t R^^ RR^y 
and a number of substitutional resistances. This circuit forms the 
“ retaining ” circuit for the contactors which an^ subsequently energized 
automatically. In practice the coniacjts of the linij n^lay are included in 
this circuit, and therefore tin* series contactor (jannoi be (‘nergized unless 
the circuit breaker and main switch areVlosed and sullicient voltage is 
available at the collector shoes (see Fig. 148). 

If the mast(?r controller is move<l to tlu^ s(5Cond notch, another circuit 
(called the “ actuating ” circuit) is establish(‘d by nutans of win^ No. 1 
and the current-limit or acccdcrating relay. This circuit, however, is 
under the control of the relay, and tlu^ contacdors will b(? energized only 
provided that the nday contacts are short-cnnaiitiHl. zVs neither potential 
cc‘4 of the relay is energized on the first notch of the coutrolha*, the relay 
contacts will be short-circuited when the controller moves to the second 
notch, and, therefon^, a circuit will b(^ (*stablished through the operating 
coil of contactor RR^ to earth, via the contacts (b) of tlie relay and the 
interlocks of contactors RR^, JR, R^, R.^, RR^y R^y RR^- When con- 
tactor RR^ closes, its operating coil is transferred autoimitically to the 
“ retaining ” circuit (energized from No. 2 wire) by means of the inter- 
locks on this contactor, and, at tlie same time, tlie cinmit of the potential 
coil (c) of the relay is opened. Before this change has taken place, 
hoM^over, the plungcir controlling contacts (c) of the relay — from which 
the succeeding contactor, Ry^, is energized- will have been lifted, and 
the tirnc-limit device on the plunger will prevent the premature release 
of the latter when the circuit of the potential coil is opened. Therefore, 
the contacts (c) cannot close until the plunger is released by the scries 
coil, which occurs when tin' motor current falls to the predetermined 
value at which the relay is s(?t. Contactor R^ will then he energized, 
via the contacts (c) of the re-lay and the inttTlocks of contactors G, Ri, 
RR^, R^, RR^y R^t RRz- 

* If the nwerser is in the “ reverse ” position, the “ forward ” coil is energized 
with the full line voltage provided that contactor is oi)en. ^ 
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XoTK. — Roman numerals J, II, IIl^ VIII denote dimers on master controller ; Arabic numerals 1-12 
denote contuetors. 75- :175 deiictc resistances (ohms) of control-circuit rheostats ; A Rf,, Alip denote contacts 
of aeceleratiim relay ; LR denotes contacts of line relay; R denotes reverser ; c denotes o]M;ratinj! coil; 
i denotes contacts of interlocks (jiosition of interlocks is denotcil by snihxes 1-4, the tojj row of (‘ontacts 
beiim desiiyfimted No. 1). Kor example, the “ iictiiatim: ” circuit lor steji 2 would be read : - Finger 1 — 
No. 2 Interlocks, contactor 8 — (‘ontacts b, accelerating relay- No. 4 interlocks, contactor 8 — No. 3 inter- 
locks, contactor 3 — coil, contactor 3 — No. 1 interlocks, contactor Id -7r>ohms -No. 1 intcrlo<*ks, contactor 
‘J - No. i interlocks, contactor o — earth. 
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Next, contactor RR^ is energized via the contacts (6) of the relay 
and contactors Ji?, R^, RR 2 > ^i> ^ 2 * 

In a similar manner contactor i? 2 > contactors RR^ and R^, are 
energized respectiv(‘ly on the next two notches. The transference of the 
earth connection of the ‘‘ retaining ” circuit from contactor RR^ to 
contactor R.^ should he noted, as well as the automatic opening of eon- 
tacto s RRo and R^- 

On the next notch — th(^ last series notch — the “ bridge ” contactor J 
is energizt‘d, and when this contactor closes, its auxiliary contacts open 
the circuit of contactors JR, RR^, R^, RR^, R^- contactors closed 

on tiui last stories notch are, tln^refore, 10, J. 

It should be nott‘d that no more “ notching-up ” can take place 
unk'.ss No. 3 win^ is (‘iK'rgized. Moreover’, during tlie above process of 
notching-up, the notching can be stoppe^d at any (iesirc'd point by placing 
the master controller on the first notch, which interru})ls the “ actuating ” 
circuit . 

If the master contnjlh^r is moved to the last (or fourth) notch “ for- 
ward,” contactors jV/., and G will b(‘ (‘uergized from No. 3 wire via the 
contacts (b) of the relay and contactors J, JR, M,,, JR, RR^, R^, R^, RR^y 
R^y RR^- Whciii contactors il/g and G c1os(j, the control circuit is trans- 
ferre^d to No. 2 wire via the interlocks of conta(;tors il/^, 3 / 2 * *1 RRi^ 
R^, R.^, RR^y R^i RR^- Thus the object of No. 3 wire is to (*nergize the 
“ parallel ” contactors (M^ aiul G), and these contactors cannot close 
until J has closed aiid J R has vpen(‘d. At starting, th(‘ master controller 
may be ])laced directly on th(‘ last- not(;h, and “ notching-up ” will take 
place through all the scries notclu^s, the transition notch, and tlu^ parallel 
notches. 

When 3/2 closes, J is opened automatically, and the ])ot(‘ntial coils of 
the relay are supplied through the auxiliary contacts of On tluj 
series notches the ])otential coils of the relay are supplied through 
the au.xiliary contacts of JR. Thus the automatic relay can only 
control the “actuating” circuit, ])rovided that either JR or is 
closed. 

The notching-up to “ full ])aralk^l ” takes placHi in a manner similar 
to that for the series stey:)s. Obsca’vc^, howc*.via’, that the oyieration of the 
contactors is now govcjriK'd by the current in motor No. 1. On some of 
the parallel notches the closing of corresponding “ r(*sistance ” contactors 
takes place successively instc^ad of simultaneously as with non-automatic 
control. For example, a rheostat section in No. 1 motor circuit is not 
cut out until the contactor of the corresponding section in No. 2 motor 
circuit is fully closed. The iujxI rheostat section in No. 2 motor circuit, 
hojwc ver, cannot be cut out until the relay contacts close again. 

The provision of duplicat<^ potential coils and contacts on the relay 
ensures that the control connections are made an the correct order. 

The important contactors (e.g. 3fi, M^y C, JR, J) are interlocked# in 
a manner similar to that described above in connection with Fig. 143, 
while the closing coil of the circuit- breaker is interlockc^d with 3/^, and 
can only be energized when this contactor is open. 

The switching operations for the connection diagram of Fig. 148 are 
identical with those described above, and can be follow^ed without 
difficulty from the table on page 217. 
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^ Electbo-Pneumatic Multiple-Unit Systems 

" The Metropolitan-Vickers* unit-switch system.— The special feature 
of this system is that the contactors are operated pneumatically, and the 
supply of air to the pneumatic cylinders is controlled by electro-magnetic 
valves which are energized from a low-voltage circuit by a suitable 
master controller. The electro-pneumatic feature has been dc^veloped 
extensively by the WestinghouKse Companies for ail classes of railway 
control apparatus, and further examples of the application of this system 
will be found in Chapters X, XL 

The control equipment includes a group of electro-pneumatic con- 
tactors (called a “ switch group ”), an electro-pneumatic reverser, a 
master controller, a source of low-voltage su])j)ly for control circuit 
(which may consist of du})licate 14-volt storages batteries, a motor- 
generator set, or a tapped resistanee connt^ctcHl across the traction 
circuit), the necessary control -circuit cables and switchgear, and, usually, 
relays for automatic acceleration. 

A view of a contactor or “ unit switch ” is shown in Fig. 149. Th(» 
cylinder A is single-acting, and the piston B is bias(*d towards the lower 
position by a spring. The moving contact, t-, is fitted to an in.sulat(*d 
extension of the piston-rod, and an arm, />, carrit'S thi*, segments of the 
auxiliary contacts. The admission valve V is rnaintaiiu'd on its seat by 
a spring, and is opened by the plunger of the solenoid S. This plunger 
also controls the exhaust valve, which is similar to that of the “ on ’’ 
magnet, Fig. 155. A push-button locatejl abov^e the upper end of the 
plunger, enables the valves and contactor to be lest('d without supplying 
power to the solenoid. When the solenoid is energized, the eylinder is 
supplied with compressed air at a pressure of about 70 lb. per sq. in., 
and the main contacts are closed with (considerable prc'ssun*. These 
contacts are located in an arc chute, of fireproof material, and are provided 
with a blow-out coil. 

Tlie parts of tlu? contactor are clampid to bak(4ized steel bars, so 
th(fb each contactor forms an individual unit. 

The requisite number of contactors for the control of a pair of motors 
are assembled in a common framic to form a “ switch group,” a typical 
example being shown in Fig. 150. This switch group is representative 
of Mctropolitan-Vickers, 1500-volt, motor-coach automatic equipments 
for heavy suburban service. The contactors, reverser, relays for auto- 
matic acceleration and overload pndection, and -motor cut-out switches 
are arranged in two cast-iron frames fc^r convenience in mounting on the 
underframc of the coach. 

The reverser. Fig. 151, is of the drum type and is operated by a rack 
and pinion, the rack forming tln^ common piston rod for two opposed 
pistons working in a pnimmatic cylinder similar to that shown in Fig. lo5. 

The accelerating relay® (for automatic control) is much simpler than 
th|it for the electromagnetic contactor system, as, with electro-pneumatic 
operation, a single-plunger relay with a singh? (series) operating is satis- 
factory. A typical relay is illustrated in Fig. 152 (a). The small shunt 
coil, located above the series coil, is excited only in the parallel combina- 
tion of the motors, and is for the purj)ose of obtaining a lower limit of 


* Formerly tlie British V/cstiiiglioiist5 Co. 




Fig. 149. — Metropolitan- Vickers Electro 
pneumatic Contactor. Sectioned to show 
Construction. 



Fig. 151. — Electro-pneumatic 
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accelerating current for this combination than for the series combination. 
The peak load on the substations and distributing system is, therefore, 
lower than it would be if the full accelerating current were maintained 
throughout the whole of the starting period. 

The overload relays are shown in Fig. 1 52(6). Two relays are employed 
— one being connected in series with each motor — in order to obtain, full 
protection in both combinations of the motors. The relays are not self 
rc-sctting, and, after tripping, the plungers are held up by latches, which 
can only be released by energizing special re-setting coils. 

** Connections for automatic control. I^Schematic diagrams of the main- 
circuit and control-circuit connections for the switch group shown in 



Fig. 153. Main-circuit Connections f«)r Metropolitan- Vickers 
Electro-jaicninatic 1500-volt Control System. 


Fig. 150 are given in Figs. 153, 154. The transition is by the bridge 
method, and the motor field windings are tappt^d in the parallel com- 
bination of the motors. 

The control circuit is supplied at low voltage from a motor-generator 
set, and in consequence of the low voltage and the small power required 
by the valve-magnet solenoids, no blow-out coils arc necessary for cither 
the master controller or the interlocks on the contactors. Moreover, 
owing to the valve-mtxgnet coils being arranged for parallel connection, 
the control-circuit connections arc considerably simpler than those for 
the electromagnetic contactor system, Fig. 147, as the correct automatic 
sequence of the “ resistance ” contactors C£pi be obtained with very 
simple auxiliary switches.* 

The master controller has separate handles for the power ” and 
“ reversing ” drums, the former having four operating posi^-ions, viz. 

• Elemnntary diagranis sfiowiiig a direct coinpariHou the control- 

circuit wiring and switching for automatic control with electromagnetic and electro- 
pneumatic contactors are given on pp. 98-104 of the Author’s Traction Motor Control 
(Pitman’s Technical Primer Series, 2 b. 6d. not). 
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(1) first series, (2) full series, (3) full parallel, (4) weak fields. The “ dead 
man’s ” feature is incorporated. 

The control-circuit supply to the master controller is taken through 
the contacts of a pneumatic switch (called a “ control governor ”), in 



Fig. 154. — Control -circuit Connections for Motropolilan-Vickers Electro- 
pneumatic Control System. 

Tlie interlocks an* shown in tin* “ o|k»ii *’ iiositioii of tlio contactors. 

Notk. — AH, OH, denote! the jiccclcratiiifE relay and the overload relays, respectivrly. 


adc&tion to the usual isolating switch. The control circuit is therefore 
interlocked with the air supply, and the circuit to the master controller 
is closed only when the air pressure is above a definite value. 

The sequence of operations is briefly as follows — 

When the reversing handle is thrown to an operating position the 
re-set coils of the overload relays are energized via wire 7. 
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When the driving handle ia moved to the first position, the circuit to 
the re-set coils is broken, and a circuit is established to wires 1 or 2 
(accoi*ding to the position of the reversing dm in) and also to wire 3, in 
the circuit of which is iiie.ludetl the (ioiitaets of the “ dead man’s ” feature. 
(These contacts are also included in the circuits of wires 4, 5, 6, which 
are energizcKl on subsequent steps.) The reverscir is therefore set, and its 
interlocking contacts energize (via wires 1 or 2) the magnets of contactors 
LS^, LS^, 10. Observe that this circuit includes the contacts of the 
overload relays and the auxiliary contacts on the motor cut-out switches. 
• Wire 3 establishes the circuits to the “ full-field ” contactors, 
and the “ series ” contactor JR ; the former being interlocked with the 
field-tapping contactors F.^y F^, and the latter b(;ing interlocked with 
the line contactors LS^^. Thus contactors LS^y 10, F^y F 2 , JR 
are closed, and the motors are connected in series with each otlu^r and 
with the full resistance in the circuit. 

When the driving handle is moved to the second j)osition the 
“ actuating ” circuit is established, and contactor HR^ closes, provided 
that the motor current has fallen to the prescribed vahi(\ Observe that 
the circuit to the acci'lerating relay. includes the interlocking contacts on 
contactors LS^y JR. The closing of contactor RRi transfers its magiu^t 
coil to the “ retaining ” edreuit — which is suppli(‘d by wire 3 — and 
connects the magnet coil of contactor R^ to the “ actuating ” circuit. 
Automatic aedion tlnm continues until tlu^ “ bridge contactors J^, J^ 
(two contactors being connected in series) close and th(‘ full series ” 
step is obtained. ()bs(*rve that when J^ closes, its intc^rlock opc^ns the 
circuit of the magnet coils of contactors J Ry RR^y R^y R Ro, R^: -^^ 3 * 

Observ'c* also that the opening of JR opens the “ actuating ” circuit. 

The ** transition-actuating ” circuit is established, via win^ 5, at the 
third position of the master controller, and, if tin* motor (nirrent is l)elow 
the prescribed value, the “ parallel ” contactors — LS^y (L are 
closed and the bridge contactors are opened. Observe* that tlu* closing 
of LS^ transfers the magnet coils, Gy to the* “ r(*taini|(g ” 

circuit supplied by win; 3, and that tin; closing of G opens tin; circuit 
of J.,. Observe; alsej the* int(*rle)cking of the; “ pcaralle*! ” (;e)ntactors 
with be)th the serie*s ’ contacte)r and the auxiliary (;e)nta(!ts e)f the 
motor cut-out switche*s, the; re-establishme‘nt of the “ actuating " circuit 
(via wdre 4), aiiel the; energizing of the auxiliary shunt coil of the; a(;cel- 
erating re;lay. 

On the last step of the eontn)ller the; ce)ntrol circuit of tin; field- 
tapping contactejrs, F.^y F^y is establisln;el via wire 0, the sj)ecial contacts 
of the accel(*rating relay, and the inlerle>eks em ce)ntactors R^ and G. 
Hence tapj)ed-field (3])eration (;annot be; obtaine'd until the motors are in 
“ full ’’ parallel anel the current is bele)W the; [)rescribe;el value. 

Electro-pneumatic drum controllers. Altlwmgh the* (*lectro-pn(*umatic 
operation e)f a s(*rie*s-paralle*l drum-type contre)lle*r was d(*vele)ped ^for 
multiple; unit working) by the Westingln)use (.\). a numbi‘r of ye^ars ago,* 
and abandemed in favour of electro-pin;umati(; contacte)rs, the principle 
has recently b(;en re-intrexliicod for small equipme;nts. The multiple-unit 

♦ This systrin of control is in service on Mie Mersey Krtilway. For a <l(*s<!ription 
of the controllers anel rneUhrjel of ojM*ratie)n H(*e* Thr KUrtrivni ffrrirw, v<j1. 49,. p. 97i5 ; 
The, Iflleclririany vol. 51. p. 5. 
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operatiot) of a number of small cars can, therefore, be obtained by the 
addition of an operating head to the existing controllers, and the pro- 
vision of masU;r controllers and the necessary control-circuit cable. 
Automatic control and other features common to multiple-unit equip- 
ments can bo obtained by the further addition of an electro-pneumatic 
<jontactor (or circuit breaker) and an accelerating (or current-limiting) 
relay. 

In these equipments — wliieh have been supplied to the New York 
street railways — ^thc standard platform controller is tilted with a pneu- 
matic operating head, and tlie controller is operat('d elect ro-pncumatically 
from a master controller. Only one main controller is therofoi’c necessary 
on a Ccar, and, since this controller is remote controlled, it may be located 
in any convenient part of tlie car. 

The main contact drum is operated by a rack and pinion, as shown 
in Fig. 155. The rack forms the common piston-rod for two pistons, 



Kuj. ITio. Si'ction of C’ylindrr and \'alv«'s of WVslinghonso 
KK'ctro-|Hioiiinatic Oporaiiiig Hoatl for Uruiii Controlle r. 


which tjperate in a double-acting pneumatic cylinder. The air supply 
to this cylinder is controlled ]>y electromagnetic v’alvcs, which arc 
energizt'd from the master controller. The on ” magnet admits com- 
pressed air to the *’ on ” cylinder, and tluj *’ off ” magnet, vhen energized, 
rcleast's the air fnmi tln^ “ oil " cylinder. The forward movement of the 
contrt>ll(‘r drum is obtaim^d by energizing both magnets simultaneously, 
which results in the admission of air to the on " C3’linder and the 
release of air from the ** off ’’ cylinder. The return movement of this 
drum is obtained by cutting off the current from the valve magnets, 
which results in the admission of air to the “ off ” cylinder and the 
release of the air in the on ” cvlinchT. To stop the forward movement 
the air pressun^ in the “ on ' and ** off cjdinders is equalize d hy breaking 
the Circuit of the “ off ” valvt^ magnet. Thus the whole of the moA’ements 
of the controller-drum an' governed by the diff\ rcncc of air pressure in the 
two cylinders, and, on account of this fv aturo, the operating device is 
sometimes referred to as a “ differential air engine.” 

In order to obtain the correct notches on the controller, the control 
circuit of the “ off ” magnet is broken on an auxiliary interlocking drum, 

8 -(S043) 
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which is connected to an extension of the controller shaft. The positions 
of the segments on this drum correspond to the notches on the main 
drum, and the fingers corresponding to these segments are supplied from 
the master controller through separate wires. 

The reversing drum of the controller is operated by a separate double- 
acting cylinder. 

Recent developments include: (1) Special features in the mtCster 
controller and interlock drum, to permit of non-automatic control on 
c )rtain notches and either semi-automatic or full-automatic control on 
the other notches ; (2) means for increasing the sotting of the accelerating 
relay to a predetermined value, thus enabling the mean accelerating 
current to be increased above the normal value in castes of emergency ; 
(3) an electro-pneumatic “ line ” contactor, or circuit breaker, for breaking 
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the motor circuits ; (4) an overload relay which is reset electrically ; 
(5) the use of the liiui supply, instead of a battery, for energizing the 
valve magnets. 

With tlu'sti developments the system possesses the important advan- 
tage that cars having two-motor and four-motor equipments with con- 
trollers having dillerent numbers of notches, may bo coupled together 
and operated as a train — provided that the motor characteristics, gear 
ratios, and wheel diametcTS arc suitable — since the automatic operation 
of the controller on a particular car is governed by the accelerating relay 
on that car. 

A schematic diagram of the control-circuit connections is given in 
Fig. 156. The low -voltage supply for the control circuit is obtained from 
a tapped resistance connected across the 600 volt traction circuit. ^ 

The main controller has eight notches, viz., five series and three parallel. 

The master controller has five notches, and the main-circuit operations 
corresponding to these notches arc — 

On the first notch the reverser is set and the circuit breaker is closed. 
As the main controller normally stands at its first notch, the closing of 
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the circuit breaker completes the main circuit. On the second notch 
the main controller is moved to its second notch, this movement being 
independent of the relay. 

On the third notch the main controller is moved to its third notch 
under the control of the relay. 

On the fourth and fifth notches the main controller is moved auto- 
matically to the full-series and full -parallel positions respectively. 

The accelerating relay is provided with a differential shunt coil, 
which, when energized by means of a push-button switch at the master 
controller, causes the plunger to be released at a higher motor curreilt 
than that for which the relay is normally adjusted. Hence, when the 
service conditions arc such that tlie normal accelerating current is 
insufficient for acceleration (e.g. when starting a car on steep gradient), 
and the relay is held open — thus ])revcnting the notching-up of the main 
controller — the setting of the relay is changed (by en(*rgizing the shunt 
coil) and the controller notches-up at a higher accelerating current. 

Combination of pneumatically-operated drum controller and con- 
tactors. The above method of pueun^atically operating a drum controller 
was developed, primarily, to enable platform-type controllers of existing 
equipments to be remote controlled, and the cars opcTated on the 
multiple-unit systtirn. For new equipments, however, the W(JStinghouse 
Co. have developed a control system in which a pncmrnatujally-operated 
drum controller is combined with a numb(‘.r of contactors. The apparatus 
is designed as a compact unit for installation under the car floor, and is 
especially suitable for low-floor cars. 

Views of a compkite unit arc given in Fig. 157, and a diagram of the 
main-circuit connections is given in Fig, 158. 

The main circuits are opened and closed by the contact ors, while 
resistance is cut into and out of th(^ motor circuit, and, if necessary, the 
field-tap connections made by the drum controller. Transition is effi^cted 
by shunting a pair of motors (Nos. 2 and 4) ; the first steps of the transi- 
tion' (viz., the cutting-in of a portion of tlui rheostats and the earthing 
of the remote ends of the fields of motors Nos. 1 and 3) being performed 
by the controller, while the completion of the transition is effected by 
the contactors, the first parallel notch being obtained by opening S 
and closing P. During the transition pt'iiod certain fingers of the con- 
troller are subject to arcing, and tht'.se fingers aixi fitted with individual 
blow-out coils. 

Larger equipments, in which bridge transition is adopted, have been 
developed for motor-coach trains, and arc used on an oxtemsive scale by 
the New York Municipal and Interborough Rapid Transit Railways. 
The equipments* on thesi*, railways are arranged for automatic accelera- 
tion and field control. 

>j 

• Cam-Shaft Control Systems 

Hand-operated cam-shaft controllers — in which the whole of the 
switching cf|pcrations (except reversing) are effected by cam-operated 

* Tho motors are rat',*d at IGO h.p., f500 voJts. For furlhor details of the cars 
and equipment sco Electric Railway Journal, vols. 43, p. 1327 ; 44, p. 1370; 46, 
p. 496. For details of the controller see Electric Motors and Control Systems, 
pp. 239-242. 
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contactors — are in service in this country on some of the larger tramway 
systems, but on the Continent they are also employed for single motor- 
coaches and locomotives when multiple-unit working is not required. 
For 1500- and 3000- volt circuits the controllers are operated through 
gearing from a dummy controller in the driving position. 

For multiple-unit working power operation and remote control are 
necessary. Such (cam-shaft) systems possess important advantages over 



Fig. 157. — WostinghousG Und<'rfraino Control Unit, for Low-floor ('ar. 

Noth, — T he upper view show^ the controller the lower view shows tlu; rcvcrscr. 

The end boxes contiiin the motor cut-out switches and oNcrload relay, 

systems employing individual contactors. For example, the cam-shaft 
system has fewtjr parts subjcct nl to wear ; it is less costly to maintain 
than an individual-contactor system ; a definite^ sequence of automatic 
contactor operations is obtained with a very small number of auxiliary 
contacts ; the control (iquij)ment is lighter, occupies less space, and can 
be inspected easier and quicker than a corresponding equipment with 
individual contactors. Moreover, the control-circuit wiring for automatic 
control is very much sim])ler tlian tliat for the corres2)onding system 
having individual contactors. • 

On account of these advantages — which are also common to the 
combined drum-controller and contactor system— the present tendency 
in the United States of America is towards the exclusion of individual- 
contactor control systems on motor-coach trains. Cam-shaft control 
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equipments are being adopted extensively in modem European direct- 
current electrification, and some manufacturers employ this system 
exclusively for railway control equipments. 

We shall now consider typical cam-shaft control systems employing 
electro-pneumatic and all-electric operation. 

Electro-pneumatic cam-shaft system. This systt^n of control has 
recently been developed by the General Electric Cn. (Schenectady), the 
British Thomson- Houston (>>., and Messrs. Brown-Boveri. The motor- 
circuit connections arc made by a group of cam-operated contactors, the 
cam-shaft being operated by dilTercntial air cylinders in a manner similar 
to the above pneumatically-operated drum controllers. The cams are, 
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of course, insulated from the shaft, and certain sections of the cani-d’um 
arc insulated from one another. 

Fig. 159 illustrat(*s a G.-E. (jontroller for the control of two 250-h.p. 
600-volt motors arranged for mounting undm* tlie ear. A large number of 
these controllers are in use on th(‘ Interborough llapid Transit Bailway, 
New York. The frame is divided into four compartments. The com- 
partment A CO tains the cam -operated contactors, of which there are 
ten in the present controlhu* ; the adjacent compartment, contains, in 
the front ha4f, tlic relays for automatic control —comprising an accelerating 
relay, a line relay, and an electrically reset overload relay — and, in the 
back half, the interlocking drum for the cam-shaft. The differential air 
engine, B, is arranged bt^tween compartments A and C. The compart- 
ment D contains two pneumatically-operated contactors or circuit 



Fia. 153. — G.E. anil B.T.-H. Co.'s Electro-pneumatic Control Unit arranged for Under-car Mounting. 

Note. — T he ilhistration shows the apparatus, with covers removed, in a position in which it is installed on the coach. The arc chutes of the contaetoia are 
lowered to sliow tlie latter. ^ 
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breakers, while the end coni part ment, E, contains a jnieimiatically- 
operatcd drum-type reverser. 

Each of the pneumatically -operated circuit breakers is pro^dded with 
a separate arc chute and a powerful magnetic blow-out. In normal 
operation the motor circuits are broken by these circuit breakers ; hence 



Fir. 160. — B.T. -H, Fleet ro-|)nt*umaiic* Control ApjmriituH for a 
Four-motor (1600- volt) Equipment. 


the arcing which occurs at the contactor group is only that resulting 
from the changes in the motor and rheostat combinations. 

Fig. 160 shows the B.T.-H. control apparatus for a four-motor, 1500- 
volt equipment arranged for mounting in the driver’s cab. The cam-shaft 
controller occupies the lower compartmtmt, the circuit bre^aker, reverser, 
cut-out switches, and field-tai)ping switches (a group of four cam -operated 
confactors) occupy the upper compartment. The thrc'c relays mounted 
on the top of the steel framework arc: the field-tapping relay, the 
current-limit, or accelerating relay, and the potential or line relay. 

The accelerating relay is of the pivoted armature type ; its electrical 
circuits are shown in Fig. 161 and its action is described in detail later. 

The field-tapping relay is for the purpose of ensuring that the operation 
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of the field-tapping switches shall take place only wlu^n the motor current 
is below a prescribed limit at which the change from full field to tapped 
field can be made safely and without the possibility of a flash-over. The 
relay is of the plunger typt^ with a scries opiTating coil. 

Simplifi(‘d diagrams of the main-circuit and control-circuit connec- 
tions are given in Figs. 1(51, lfi2. 

The action of the cam-shaft controller is similar to that of the electro- 
pneumatic drum controller described on ]). 22“), i.e. the controller is 
moved •• on ” by energizing both the “ on ’’ and “ off ” valve magnets, 
its motion is arrested by opening the circuit of the “ off ” valve magnet 
the “ on ” valve magnet remaining excited), and it is returm'd to the 



Fig. 161. --Muiu-cirouit ( /'onnoctioiis for li.T.-K. KI(;olro-j)U(‘iiniatic 
(^ainsliafi (’ontrol S.\ stain. 


“ off ” or initial position by opening the circuits of both “ on ” and 
“ off valve magnets. 

The construction of the accelerating relay differs (jonsiderably from 
that of the nfiays hitherto consid(;red. The ])re,s(5nt relay has three 
pivoted armatures, thn^e pairs of contacts, and four operating coils (viz., 
one series coil- -whicih is comuictod in the motor circuit — and tlirce shunt 
coils). It is provided with a “ by-pass ” or “ advance ” feature which, in 
conjunction with sp(‘cial opc^rating positions and contacts on the master 
controller, enables the motor controller to l)e advanced one step inde- 
pendently of the value of the motor current. 

The arrangemtmt of the magnetic circuits and contacts is shown 
diagrammatically in Fig. 102. The armatures are spring bjiased to the 
positions shown in this diagram, these positions corresponding to no 
current in the operating coils. 

The armature, E^ and the contacts, J, form the accelerating relay 
proper. The armature is actuated by the series and shunt coils, B. 
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These coils and the restraining spring are so proportioned that the 
armature is attracted to the pole-piece F only when both coils are 
energized ; but when attracted the armature is held in position by the 
current in the series coil alone, provhled that this current is above the 
value which causes the armature to be rck'ast'd. This value of current 
is dependent upon the tension (whieli is adjustable) of the restraining 
spring. 

The by-pass feature consists of tlw' armatures G, H, lh(‘ contacts K, L, 
and the shunt coils (J, D. Th(‘ magnetic circuits are so arranged that 
when the armatures are attracted to tln^ir r(\s])ective pole-pieces by the 
energizing of both the coils 6', 1), they will be retaim^d in position if 
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Ftg. 162 .- Conirol-cimnt Oonnortioiis for B.T.-H. Kleofro-imoiiinatio 
Cnmsliaft ("oiitrf)l System. 
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current is maintained in coil D only. The contacts K, L are connected 
in series with eatdi other and in ])arallel with the contacts J. 

Hence, when the armature, E, of tht^ acct^lerating relay is held by 
the series coil, A, so as to interrupt (via the contact J) the circuit of the 
“ off ” valve magnet, and thereby stop the progres.sion of the cam-shaft, 
the circuit of this valve magnet can be re-established by energizing the 
coil D (e.g. by moving the nicasttT controller to either of the “ by-pass ” 
positions). The carn-sliaft therefore moves to the su(^ct*eding notch what- 
ever the motor current may be. Jhiring the procjess, coil C is energized 
temporarily — by means of the “ intermediate contacts and fingers of 
the interlocking drum — th(Teby actuating armature G and opening the 
circuit of the “ off ” magnet at the contacts K. Tlu^sc contacts will 
remain open as long as coil D is energized, and therefore the cam-shaft 
is only advanced one step for each movement of the master controller 
to the “ by-pass positions. If a second movement of the cam-shaft is 
required, and the contacts J arc open, duo to a high motor current, the 
master controller must be returned to the normal operating position and 
advanced again to the appropriate “ by-pass position. It will be 
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obsorvod that tho accolorating relay proper can still control the “ notching- 
up ” of tho motor controller if tho master controller is retained in either 
of the by-pass positions. 

The Brown-Boveri power-operated cam-shaft controller is built as a 
unit separate from the operating gear, and is adaptable to either electro- 
pneumatic or all-electric operation to meet the requirements of motor- 
coach and locomotive service. 

Tho electro-pneumatic operating mechanism is shown diagram- 
matically in Fig. 163. It consists of differential air cylinders for 
operating the cam-shaft tog(^thcr with a pneumatically-operated ratchet 
wheel, or “ position regulator.” The object of the latter is to ensure an 
accurate setting of the cam-shaft at each operating position, thereby 



Fio. 163. -Arrangement of Electro-pnenmatic Operating Mechanism of 
JBrown-Boveri Camshaft Controller. 

enabling a large number of ste])s to be provided with a cam-shaft of 
relatively small diameter. 

Tile “ on ” and “ off ” valves controlling tho differential cylinderjf are 
operated mechanically by tappets, which are actuated by auxiliary 
pneumatic cylinders, the air supply to which is controlled by electro- 
magnetic valves as in tho proceeding case. 

The diagram shows the valves in the positions corresponding to 
equilibrium of the cam-shaft (i.e. balanced pressures on tho differential 
pistons). Thus the “ on ” valve magnet is (mergized ; air is admitted to 
tho left-hand auxiliary cylinder A (th(^reby lifting the striking end of the 
tappet-lever, (7, clear of tho tappet, E, of tho valve controlling the “ on ” 
cylinder) ; tho pawl, D, is engaged in a slot of the ratchet wheel, O ; the 
“ off ” valve magnet is not excited ; the right-hand auxiliary cyl’nder B 
is open to exhaust, and tho tappet, F, of the valve controlling the “ off ” 
cylinder is clear of its operating lover, Z>. (^Jotk. — ^T he lovers (7, D are 
knuckle jointed at //.) , 

When the “ off ” valve magnet is energized in addition to the “ on ” 
valve magnet, air is admitted to the right-hand auxiliary cylinder B. 
The pawl D is lifted clear of the slot in tho ratchet wheel and the lever 
then actuates the tappet, F, of the valve controlling tho “ off ” cylinder, 
causing air to be released. The cam-shaft moves to the next “ on ” 
position, and during the process the circuit of the “ off ” valve magnet 
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is broken at the contacts of the interlocking drum (which is not shown in 
Fig. 163). Hfence the air in cylinder B is exhausted, the pawl-lever, 
disengages the tappet F, causing the rc-admission of air to the “ off ” 
cylinder, and the pawl engages with the next available slot in the ratchet 
wheel. 

When power is cut off from both valve magnets, air is exhausted from 
the left-hand auxiliary cylinder, A. Lever C moves in the counter- 
clockwise direction, lifts the pawl clear of the ratchet wheel, and actuates 
the tappet of the valve controlling the “ on cylinder. The air in this 
cylinder is exhausted and the cam-shaft returns to the “ off ” position. 

All-electric (English Electric Co.^s) system. The essential difference 
between this and the electro -pneumatic system is the method of operation. 
The cam-shaft is operated by a small electric motor and the reverser is 



Fio. 164. — English-Electric Cam^huft Controlh r for Locomotive. 

Operated by electromagnets. The line, or circuit- breaking, contactors 
are of cither the electromagnetic or cam types, the latter being operated 
by cams fitted to an extension of the main cam-shaft. 

' Fig. 164 shows a typical cam-shaft controller with its driving motor 
and interlocking drum. This illustration refers to a controller for a 
1600 - volt locomotive. The cam shaft is driven through gearing by a 
direct-current, separately-excited, low-voltage, shunt motor, the starting 
and stopping of which is controlled by a contactor (called the “ cam-shaft 
motor relay ”) mounted on the frame of the motor. The opening and 
closing of this contactor is governed by an interlocking drum (called the 
“ position regulator ”) which is shown on the extreme left of the controller. 

The reversing switch for the cam-shaft motor is fitted to the line, or 
circuit-breaking, contactors, and is so arranged that the motor cannot 
start in the forward direction until these contactors have closed, nor start 
in the backward direction (for moving the cam-shaft to the “ off ” 
position) until these contactors have opened. Hence the main circuit is 
always broken by the line contactors, and magnetic blow-outs are un- 
necessary except on the transition contactors (c.g. the ** bridge ” con- 
tactor wlten bridge transition is employed ; the “ series ” and one 
rheostatic contactor when shunt transition is employed). 

Fig. 165 shows the controller, reverser, and motor cut-out switches 
installed in a locomotive. Typical control equipments, for 600- volt and 
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1500- volt motor coach service, arranged for undorframe mounting are 
illustrated in Figs. 166, 168. 

The 600-volt equipment illustrated in Fig. 166 comprises two cam- 
operated circuit-breaking contactors, A — ^the operating cams of which 
are fitted to an extension of the main cam-shaft, B — a small motor, C, 
which drives the cam-shaft through worm gearing, D \ a “ position- 
regulator ” or interlocking drum, E (mounted between the gearing and 
the cam-shaft) ; a reverser, F ; motor cut-out switches, 0 ; the cam- 
motor relay, H ; the current -limit or accelerating relay, J ; an overload 
relay and two auxiliary (“ position ”) relays. 

The connections are shown in Fig. 167, from which we observe that 
the control is automatic and is provided with a “ by-pass or “ advance ” 
feature. 

The operating link-work of the circuit breakers i^ of the toggle type, 
and the toggles are retained in their closed positions by electromagnets, 
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Fto. 166. ‘Knglish-Eloctric 600-volt Cam-shaft Control Equipment 
for Motor-coach Service. 


which arc energized from the control circuit via interlocks on the reverser, 
cam-shaft, and overload relay. Tn normal operation the circuit breakers 
open when the master controller is returned to the off ” position, but 
thev also open in the event of an overload or an interruption of the line 
voltage. 

The current-limit, or accelerating, relay operates in conjunction with 
a special st(;el cam fitted to the end of the cam-shaft. The profile of this 
cam consists of a number of notches, each notch coriesj)onding to an 
operating position of the cam-shaft. Tlie pawl which engages with these 
notches carries one of the contacts of the relay, the other contact being 
attached to the pivoted armature. (Those contacts control the cam-shaft 
motor relay.) The contacts, relay armature, and pawl are so arranged 
that when the pawl occupies a notch in the cam the contacts are closed 
if the relay armature is releascnl, but are open if the armature is he'd up 
by the current in the operating coil (which is connected in the main 
circuit of one of the motors). When the cam-shaft advances (duo to 
these contacts being closed), the pawl, together with the relay armature, 
is 4ifted by the cam (the contacts remaining closed), and, if the motor 
current is above the prescribed value for which the relay is set to operate, 
the armathro is held while the pawl passes into the next notch in the cam. 
This operation opens the relay contacts, thereby interrupting the operating 
coil circuit of the cam-shaft motor relay, and stopping the motor. Observe 
that the cam-shaft motor is stopped by cutting off power from, and 
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167. — Connect ons of English-Electric 600-volt Cam-shaft Control System. 
(The main-circuit connections are ahoym for a two-motor equipment.) 




(X^NTROL OF DIRECT-CURRENT RAILWAY MOTORS 239 

immedjately short-circuiting, the armature, the field remaining excited. 
The can-shaft motor will not again start until the circuit of its relay is 
re-esta]^Jished by the accelerating relay. 

The y by-pass*” or “ advance ” feature consists of a special lever 
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Fig. 168. Knglisli-Kloctric 1500-volt Cam-shaft Coiilrol Equipment 
for Motor-coach Service. 

Th« upppr oaso contaiiid tlic oam-slmft controller (.4 ) toucthcr with its position-regulator (//), 
motor (C), ami control relay (D) ; the line contractors (/?) ; tlic overload and accelerating relays (2) ; 
and the “ podtion ” relays (."i). 'Phe low'cr case contains the ri'VcrscT (f’) ; tlie motor cut-out switetua 
\G) ; and the main and auxiliary isolating switches (located in the end compartments). 
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^Cut-out Switches 
Schematic Ar*angemont of Main-circuit Connections 
for Fig. 169. 


(spring-bi|tscd to the “ off ” position) and contacts on the master con- 
troller, together with an auxiliary relay and a demagnetizing shunt coil 
on the accelerating relay. When the lever is placed in the “ advance 
position, the auxiliary relay is energized and the lifting of its armature 
connects the operating coil in series with the demagnetizing coil of the 
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accelerating relay. The armature of the latter (if held up by a higl motor 
current) is, therefore, released, and the cam-shaft is advanced one step. 

The 1500-volt equipment. Fig. 168, rlso has cam-operated circuit- 
breaking contactors, but is an*anged for either automatic or non auto- 
matic control ; in consequence of which a greater number of “ ^losition ” 
relays and contacts on the “ position regulator ” are necessary. The 
accelerating n^lay is separate from the cam-shaft ; it is of the single-coil 
type, and provision is made for short-circuiting its contacts \Vhen non- 
automatic control is required. The control circuit is supplied at 120 volts 
fropi a motor-generator sot, one set being carried on t^ach motor coach. 
When two or more motor coaches form a train, the control-circuit supply 
may, if necessary, be obtained (by means of selector switches) from any 
motor-generator set on the train. 

A simplified diagram of connections is given in Fig. 169. 

CONTROL SYSTEMS FOR LOCOMOTIVE EQUIPMENTS 
T. Low-voltagk Double Sekies-paiiallel Control 
Oeneral. A locomotive must be capable of op(Tating under variable 
service conditions which may include shunting service as well as the 
hauling of trains of various weights at slow and modcTate speeds. More- 
over, the conditions at starting arc of an entin^ly difiercMit nature to those 
relating to motor-coach operation. In the lattcT case a high acceleration 
is essential, and the starting period rarely exceeds seconds. But with 
locomotive ojxu-ation the acceleration must be limited to moderate values 
and the starting period may, under certain conditions, occupy several 
minutes. For example, in starting a long loose-coupled freight train, the 
initial tractive effort must be limited to a moderate value in order that 
the slack may gradually be pulled out of the couplings. This initial 
tractive effort must bo increased by uniform increments until the normal 
accelerating tractive (‘ffort is reached. In passing from notch to notch the 
fluctuations in the tractiv^o effort must be limited to relatively small 
values and must be uniform, both in order to avoid sliocdc and to prevWit 
slipping of the driving whe(*ls. 

To fulfil these conditions a large number of notches an* nectissary 
in the controlh^r, and to provide the range of s]XM*ds necessary for the 
varied service conditions an equipment possc'ssing at least three running 
speeds is r(*quired. A four-motor equipment and double series-parallel 
control is Ihen'forc necessary. 

Control apparatus. This differs only in detail from that for motor- 
coach service. In view of the varied conditions under wlii(;h a locomotive 
must be capable of operating, however, eeitain filatures are introduced 
into the present equipments which are not usually provid(‘d in motor- 
coach equipments. For oxanqilc, the reverser usually takes the form of 
a group of contactors which are used for breaking th(^ circuit. Again, the 
control is always carried out on the non-automatic principle and may hfi 
arranged on the multiple-unit system to enable two or more locomotives 
to be coupled together and controlled by one driver. • 

Typical connections for electromagnetic-contactor sys em. The main- 
circuit connections arc shown in Fig. 170. 

The transition from scries to series-parallel is effected by short circuiting 
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a pair of motors (Nos. 1 and 2), and the transition from series-parallel to 
parallel is effected by the “ bridge ” method. 

Attention must be directed to the method o! grouping the motors and 
rheostats in the parallel notches. At the completion of the transition 
period each motor is connected in series with its group of rheostats, 
the four groups of motors and rheostats being connected in parallel. 
On the second parallel notch two equalizing connections are established — 
by means of contactors Nos. 5 and 6 — between motors Nos. 1, 3, and 2, 4 
respectiv(jly, and the corresponding groups of rheostats. At the same 
tiipe corresponding sections are cut out from rheostat groups Nos. 1 and 3. 
On the third, fourth, fifth, and sixth notches sections are cut out alter- 
'tvaiely from groups Nos. 2, 4 and 1, 3, respectively, and on the seventh 
(last) notch the remaining section in each group is cut out. This method 
of operation has two important advantages over the method in which 
the sections are cut out simultaneously from each group of motors ; first, 
fewer sections are reciuired, and therefore the main wiring is simplified ; 
second, a large number of contactors — which would be required for the 
latter method — are eliminated, thereby effecting a considerable saving 
in cost, space, weight, and maintenance. Of course, with unequal resis- 
tances in the circuits of the two groups of motors the current input to 
one grou}j will be greater than that to the other group, and consequently 
the tractive efforts exerted by the two groups of motors will not bo equal. 
In practice, however, no disadvantage results from this method of 
operation. 

Provision is made for cutting out a defective motor and operating 
the locomotive with the remaining motors. Under these conditions only 
the scries -parallel and parallel notches of the controller are effective ; 
two motors being in circuit in the series-parallel notches, and three 
motors in the parallel notches. The four single-pole cut-out switches are 
arranged in two pairs, A and and the opening of one switch of a pair 
operates an interlocking switch in the control circuit which not only 
prevents the other motor of that pair being operated in the series 'iind 
series-parallel positions of the controller, but also prevents the other pair 
of motors being operated in the series positions of the controller. 

A simplified diagram of the control-circuit connections is given in 
Fig. 171, and a schematic diagram is included in order to facilitate the 
tracing of the circuits. 

The operating coils of the reversers are not shown in the diagram ; 
they are arranged in four groups, each group containing four (“ forward ” 
or “ reverse ”) coils connected in series. The two groups of “ forward ” 
coils are connected in parallel, and supplied from wire No. 8, while the 
two groups of “ reverse ” coils are similarly connected and supplied from 
wire No. 0. 

The interlocking switches — ^which are operp,ted by the motor cut-out 
switches A, B — are shown in positions corresponding to the cut-out 
switches being closed (i.e. the full number of motors in circuit). * 
,'Of the control-circuit operations occurring on the 24 notches of the 
master controller, we shall only refer to those which possess features of 
interest. 

On the first series notch wire No. 1 is energized, thus closing the 
reversers and contactors Nos. 2, 9. The closing of No. 0 removes the 
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Fig. 170.- Mnin-oircuit Connections for B.T.-H. Double Series-parallel Control System. 
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short-circuit from the operating coil of No. 12 and cuts this coil into 
the circuit of Nos. 2 and 9. The four motors are therefore connected 
in series with the whole of the rheostats. 

The operations on the intermediate series notches are quite simple 
and can be followed without difficulty by the aid of the schematic diagram. 

On the last series notch (No. 9) contactors Nos. 27, 20 are connected 
in series with Nos. 17, 23 and the circuits of Nos. 15, 16, 18, 19, 21, 22, 
25, 26 are opened, thus leaving contaetors Nos. 2, 4, 9, 12, 17, 20, 23, 
27 closed. 

^ Transition to series-parallel is effeeted, at the master eontroller, by 
energizing wires Nos. 2, 6, and opening the circuit of wire No. 16, thus 
causing the following operations to take place — 

Contactors Nos. 27, 20, 17 open, due to the opening of the circuit 
of No. 16 wire, but contactor No. 23 remains closed, due to the retaining 
circuit formed by No. 6 wire. As soon as No. 27 opens, its interlocks 
complete the circuit of No. 1 contactor which is (morgized from No. 2 
wire. The closing of No. 1 opens No. 2, and the optuiing of the latter 
completes the circuit of No. 3. When this contactor closes, its oj^crating 
coil is connected — by means of in</3rlocks on the contactor -in series 
with that of No. 1. Thus on the (i;st series-parallel notch (No. 10) the 
following contactors are closed: Nos. 1, 3, 9, 12, 23. 

The operations on the intermediate series- parallel notches do not 
require comment. 

On the last series-parallel notch (No. 17) all the “ rheostat contactors 
are opened and the “ bridg(^ ’’ contactors (Nos. 6, 7) are closed. 

Transition to parallel is effected, at the master controller, by energizing 
wire No. 4, which causes the “ line ” and “ ground contactors (Nos. 
10, 13, 8, 11) to close. The closing of No. 13 opens tlui circuit of Nos. 
4, 7, thus completing the transition and giving the first parallel notch. 
The control-circuit operations occurring on the remaining parallel notches 
do not require comment, as the main-circuit operations have been 
discussed above. % 

If either of motors Nos. 1 and 2 is cut out, the interlocking switch 
actuated by the cut-out switch A opens the circuits of contactors Nos. 
2, 5, 6 ; short-circuits the operating coil of No. 4 ; and prevents Nos. 
17, 23 being energized from wires Nos. 6 and 7, but allows these contactors 
to be energized from the circuit of Nos. 20, 27 (wire No. 16). Hence, 
if motor No. 1 is cut out. No. 2 cannot be operated until the master 
controller is moved to the first parallel notch (No. 18) and contactor 
No. 10 is closed. Motors Nos. 3 and 4, however, can be operated in the 
series-parallel and parallel notches of the controller. 

If either of motors Nos. 3 and 4 is cut out, the interlocking switch 
actuated by the cut-out switch B opens the circuit of contactors Nos. 5 
and 6 ; short-circuits the operating coil of No. 7 ; and allows contactors 
Nos. 17, 23 to be energized only from the circuit of Nos. 20, 27. Hence 
the remaining motor of this pair can only be operated in the partdlel 
notches of the controller, while motors Nos. 1 and 2 cannot be opeiated 
in the series notches of the controller. • 

The control system is adapted for the multiple-unit operation of two 
or more locomotives by providing the necessary coupler sockets, con- 
nection boxes, etc. 
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II. High-Voltage Series-Parallel and Double Series- 
Parallel Control 

These equipments possess a certain number of special features. Thus, 
(1) a low voltage is necessary for the control circuit (the supply being 
obtained either from a battery, a motor-generator set, or a rotary trans- 
former) ; (2) the connections must be so arranged that the field windings 
of all the motors forming a series-parallel, or double series-parallel, group 
are connected to the earthed side of the system ; (3) the contactors at 
which current is b oken require special arc chute.s and mcagnetic blow- 
out ; (4) overload protection should preferably be eff(5ctcd by a special 
form of quick-acting, or high-speed, circuit breaker in order to prevent 
“ flashing ** of the motors ; (5) the isolating switch — which is for the 
purpose of disconnecting the main circuits from the line when inspections 
of the control equipment are being carried out — must bo interlocked with 
the doors of the compartment containing the motor-controller so that 
these doors cannot be opened unless the isolating switch is open, and 
that the isolating switch cannot be clos(;d when the doors are open. 

Control-circuit supply. The control circuit, togetlior with the train 
lighting and other auxiliary circuits, is supplied usually at a voltage of 
about 100-120 volts from a motor-generator set of special design. In some 
cases a rotary transformer or a reducer is employed. These machines are 
discussed later (Chap. XIII). 

Motor combinations. With line voltages above 1500 volts, two or 
more motors are connected permanently in series, and, for control pur- 
poses, are considered as (equivalent to a single motor. Both series-parallel 
and double series -parallel control arc employed, the former being used 
for locomotives of moderate w^cight and the latter for heavy locomotives. 
Formerly lujavy locomotives were equipped only for scries -parallel control 
in order both to simplify the control apparatus and to reduce the number 
of contactors. But with the development of cam -operated contactors 
and more efficient magnetic blow-outs for high-voltage (dreuits, these 
locomotives are now equipped for double series -parallel control. * 

Transition is usually effected by the shunt method, as the total number 
of contactors required for control is then smaller than that required when 
bridge transition is adopted, although the number of contactors involved 
in the transition is greater with the former method. Considerable simpli- 
fication of the control gear is possible by arranging the contactors effecting 
the combinations of the motors as a cam-operated group controlled 
electro-pncumatically, typical examples for series-parallel and double 
series-parallel control being shown in Fig. 172. 

Shunt transition also enables all the field windings to be arranged on 
the earthed side of the system. This arrangement is advantageous for 
high-voltage circuits, as the reverser and field-tapping contactors may bo 
of the low-voltage type. Moreover, as these switches and the field 
windings are subjected only to low voltages, the possibility of insulaJ;ion 
breakdowns is eliminated. 

(Contactors* The special features of individual circuit-breaking con- 
tactors for high-voltage (3000- volt) circuits are (1) the insulation, (2) the 
magnetic blow-out ancl arc chute. 

Typical individual contactors are illustrated in Fig. 173. Both the 
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fixed and moving contacts are insulated to enable two or more contactors 
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Fig. 172. — Carn-operatod Contactor Groups for Changing 
Combinations of Motors. 

Upper 7 //Mytra'iow. ---Motroi)oll tan- VickiTfi cam Rroiip for Rories-]>ara]lel control. 

Lower Illustration. — llrown-Boveri ram Rronp for doiiblr- series-parallel control. 

to be connected in series when noeossary. A strong blow-out field and a 
large narrow arc chute are provided for the suppression of the arc. The 
narrow arc chute is much more effective than a wide chute on account of 
the arc stream being brought more into contact with the sides of the 
chute and being thereby cooled more rapidly. In some cases a transverse 
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barrier (called an “ arc-splitter ’*) is inserted in the ar6 chute for the 
purpose of increasing the cooling surface exposed to the arc stream.* 


Example of series-parallel control for 3000-volt locomotive. This 

example nifers to a 1200-h.]>. locomotive with Metropolitan- Vickers 
•equipment. The electro-imcumatie unit-switch control system is em- 
ployed and is arranged for regenerative braking, but the cc^nsidcration 
of the regenerativ^e -control feaiurt^s will be deferred for the present. 
Individual contactors, or unit switches, are used for the rheostatic steps 
and at other positions in the circuit where current has to be broken. 
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[Note.-- The swilcliins oj>orations on the rheostatic steps 2- S, iiirlusive, involve closinf! in 
suceessive onh'r, contactors 


But cam-oj)erate(l contactor groups are employed for changing the motor 
combinations, field taj^ping, and rev’^ersing, as w^cll as for changing over 
the main-circuit connections from “ motoring ” to “ generating.” 

A simpliticd diagram of the main-circuit connections is given in 
Fig. 174. 

The control is, of course, non-automatic, and, on account of the 
regenerative features, the master controller has three operating bandies 
and contact drums (viz. the combined reversing and motor-combination 
drum, thq braking drum, and the rheostatic or accelerating drum), as 
shown in Fig. 175. 

♦ Comprelipiisivo data of magnotic blow-outs, togothor with photographs of arc 
streams, ar© given in a paper and discussion on “ Air-broak magnetic blow-outs,” by 
J. F. Tritle. Trans. A.I.E.E., XL.T, 262-287. 
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Tn operation the combined reversing and molor-combinatioii handle 
is thrown to the “ forward series ” position and the accelerating handle 
U notched up to the full-series or woak-field position (tapped-field opera- 
tion being possible with botli combinations of the motors). Next the 
c')mbincd reversing and motor-combination handle is moved into the 
forward parallel ” position, and the accelerating liandlc is returned to » 
the first notch, which causes transition to bo elTocted automatically. 
The handle is then notched-uj) to the running position desired. 

The manner in which ti ansition is effected is as follows — 

When the accelerating handle is returned to the first notch — the 
mdtor-com bination liandle being set for “ forward ])arallel ” — the opening 
of contactor R^^ energizes the “ ])arallel ” valve magnet of the pneumatic 



Fig. 175. — Cap-plat o and Operating Handles of 
Metropolitan -Vickers Master Controller for 
Locomotive. 

cylinders of the motor-combination cam-contatdor group. As soon as 
contactor P2 of this group closes, the circuits of tluj “ paralk^l ” valve 
magnet and the valve magiud; of contiictoi- broken at the inter- 

locking drum. When S2 opens, the “ parallel " valve magnet of the cam 
group is again energized — by moans of intmloeks on S2- and the transition 
is completed by (1) closing contactor ^3. (2) opening contactors >^3, 
and ( 3 ) energizing the valvii magnets of contactors LS/^, LS^j LS^.^ C^, 
the latter oj^cration being cffecti^d by the interlocking tlrum of the cam 
group. 

The valve-magnet coils of all the rheostatic contactors are connected 
to a special set of interlocking contacts undi?r the control of an auxiliary 
relay, the magnet-coil of which is in circuit with the auxiliary contacts of 
the three overload relays. Hence tlu^ operation of any of the overload 
relays cause the whole of the rheostatic contactors to open, and in con- 
sequence the whole of the starting resistance is inserted before the lin ' 
contactors open, the latter operation being effected by interlocks on 
contactor R^. In this raanncji* the arcing at the line contactors is much 
less severe than it would be if these contactors were opened directly by 
the overload relays. 
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Examples of double series-parallel control for 1500-volt locomotives. 

One example refers to a 4000-h.p. locomotive with Brown-Boveri equip- 
ment, the locomotive being in service on the Paris-Orleans Railway. 
The control system gives twelve rheostatic steps and five running steps 
for each combination of the motors, four of the latter being obtained by 
fieltt weakening. 

Cam -operated contactors are used for the rheostatic and weak -field 
steps, and also for re-grouping the motors and rheostats, but drum -type 
switches are used for reversing and for changing the main-circuit con- 
nections for regene^rative braking. • 

The cam-shafts of the main contactor groups (of which there are 
two) are chain driven from a low-voltage direct-current motor, but the 
cam-shaft of the n^-groiiping contactors is operated by a four-cylinder 
air motor with (dectrieally-eontrollcd valves (Fig. 172). This cam-shaft 
has three operating i^osilions ; the extreme operating positions are 
obtained by the sopa^at(^ use of two air cylinders, and the central position 
is obtained by the use of the other tw'O cylinders. 

Overload jirotection is obtained by a special circuit breaker which is 
closed by electro-pneumatic cylinders and is ht;ld closed by a latch 
which can be tripped by an overload coil. As the normal rating is 2100 A. 
the main contacts are of the brush typo and arc provided with secondary 
contacts (fitted with blow-out coils) and also two pairs of arcing contacts, 
which are arranged so as to insert resistance into the circuit before the 
final break occurs. 

The simplified main-circuit connections are shown in Fig. 176. The 
shunt method of ti'ansition is adopted, and the exciting-fi(?ld windings are 
all conn(‘clcd on the eartlud side of th(^ system. The commutating-polc 
windings (whi(;h are not shown in Fig. 176) are, however, connected 
adjacent to the appropriate armatures. 

The second example refers to a 2250 h.p. locomotive with General 
Fleet ric-0('rl ikon equii)mcnt, the locomotiv^o btung one of the trial pas- 
senger locomotives for the Great Indian Peninsula Railway. In this case 
the motor equipment consists of three twin-motors (Fig. 33), each of 
which is designed for the line voltage (1500 volts). The three combinations 
of the motors — viz., series, series-parallel (each scries group consisting of 
the two elements of one twin-motor and one of the elements of another 
twin-motor), parallel — therefore give running speeds in the ratio of 
1:2:3, instead of 1 : 2 : 4, as in the first example. 

A simplified di«agram of the main-circuit ccumections is shown in 
Fig. 177, from \vhich it will be observed that (1) two steps of shunted- 
field control — using inductive shunts. Fig. 177a — are employed for each 
combination of the motors ; (2) the motor and control equipment is 
arranged in two halves. Electro-pneumatic contactors. Fig. 173b, arc 
used throughout. • 

•The reversers are of the drum type. Each has an “ off position, 
which is used for cutting-out a defective motor, segments being provided 
in this position of the drum to interconnect the extreme fingers shown in 
Fig. 177. 

One of the inductive shunts is illustrated in Fig. 177a. It consists of 
*a laminated-iron core with air gaps and a magnetizing winding, the latter 
being connected in series with a grid rheostat as showm in Fig. 177. 







Fig. 170. — Main-circuit Connections for Double Series-parallel Control of 
1500-volt Locoinotivo Equipment. (Brown, Boveri & Co.) 







CONTROL OF DIRECT-CURRENT RAILWAY MOTORS 263 




Fio. 177.- -Main -circuit Connections for Double Series-parallel 
Control of 1500- volt Locomotive Kquipment. 
(Ccncral KIcetric Co.). 


Control Equt.\ments for Pual-V’^oltaok Operation 
In an extensivo schomo of ele(;lrification (which includes both suburban 
and main lines) two o]ierating voltages may be necessary, viz. 600 or 
1500 volts for the suburban lines, and 1500, or in some eases 3000, volts 
for the main lines. If tht^ main-line trains operating to or from a given 
terminus tfave to run, without speed restrictions, over the same tracks 
as the suburban trains, then either the distributing system on these 
tracks must be duplicated, or the main-line train equipments must be 
arranged for dual-voltage operation. The latter alternative is usually 
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less expensive than the former. Such dual-voltage equipments are also 
necessary for any extensive intcrurban electric railway which includes 
“ through ” running over the “ local ” tracks of city tramways, as the 
normal voltage of the intcrurban system would be 1200 or 1500 volts, 
while that of the local tramway systems would bo 600 volts. 

Wo shall consider briefly how dual-voltage operation affects .the* 



Fia. 177a. — CJ('n«ral -Electric, liuluotive Shunt for 
Shunt c<l-ficJtl (’oiitrol. 


control equipment. I'he simplest cas<i is when the two voltages are in 
the ratio of 2 : 1 . 

If half -speed operation on the low- voltage system is permissible, the 
only change involved (other than the change of current collectors, if 
necessary) in passing from the high-voltage to the low-voltage system^ or 
vice versa, is in the control -circuit supply. But this change over may be 
avoided if the control circuit is supplied from a battery or f specially- 
designed motor-generator set. 

If, however, full-speed operation on both voltages is required, change- 
over switches are necessary for both the motor portion and the rheostat 
portion of the main circuit. 
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The normal operating voltage of each motor must be equal to tliat of 
the low- volt age system. Hence for series -parallel control at least four 
motors are necessary for each “ unit ” of the train or locomotive equip- 
ment. Therefore a change-over switch is required for each pair of motors 
to change their connections from series to paralhsl, or vice versa, when 
ojia'nging the operating voltage. A change-over or re-grouping switch is 
also Necessary for cutting out or series-paralleling certain sections of the 
starting rheostat in order to obtain suitable grading for each operating 
voltage. 


APPENDIX TO CHAPTER IX 

THK CALCULATION OF STARTING RHEOSTATS FOR DIRECT-CURRENT 

MOTORS 

General Considerations. A referonce to the cornic*ction diagrains of sei*i(\s- 
parallel controlhirs will show tliat the starting rlieostats must be arraiiginl 
with a limited number of sections, and tliat some of the .st;ctions must be 
suitable for use with both the series and the parallel i)ositi()nsof the controller. 
The number of sections for us(i with a given motor equipment is governed 
by (1) the maximum tractive-elTori which may be exerted during the starting 
period; (2) the permissible variation of the tractive-(*lTort. These con- 
siderations involve others, such as the adhesive weight of the train, locomotive, 
or car ; the coefTieii'iit of adhesion ; the moss to be ac(Mil(*,rated ; and the 
gradients (if any) which have to be negotiated. 

With tramcars the adhesive weight is from 75 per cent to 100 per cent 
of the weight of the car, while with motor-coach trains the adhesive weight 
is usually of the order of 50 iier cent of the weight of the train. Clenertally, 
in each of these cases, the mean accelerating tractive-efToi't during starting 
is much below that requmjd to slip the driving wheels undtu* normal conditions 
(i.e. with dry rails). Therefore, relatively largo fliMJtuations in the trac- 
tive effort are permissibhs so that only a few notches are required on the 
controller. 

On the other hand, with electric locomotives, the tractive-effort required 
for acceleration may approach the limiting value at which slipping of the 
driving wheels occurs ; and in this case only a relatively small variation of 
the tract! ve-effoi't is perniissible during starting, so that a large number of 
notches will be required on the controller. 

We shall show that the number of sections and alscj the resistan es of the 
sections are both inlluenced by the sloi)o of the speed curve between the 
limits of current during starting. In general, a moloi' pos.sessing a steep 
speed curve (e.g. a single-phase motor, or a dir»*ct-current motor with either 
an unsaturated magniitic circuit or a high int(*rnal I'esistance) requires fewer 
rheostat sections (for a given percenlagc >'ariation of tiactiv(‘-effort) than a 
motor possessing a flat speed curve. 

The data requinal for the (;alculation of the numb(*r of sections and the 
resistances of the sections are : the sj^eed and tractive-effort curves of the 
motor (corresponding to the lino voltage at which the stai’t is to be niadtj) ; 
the Resistance of the motor ; the limiting value of the tractive effort and the 
permissible variation of tractive effort during starting. The calculations 
involve the Ase of two coefficients — which are called grading coefficients ” — 
viz. the ratio of the lower and upper limits of the current during starting 
and the ratio of the tangents of the magnetization curve at these currents. 
They c annot, therefore, be effected without a knowledge of the magnetization 
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curve (or, alternatively, the speed curve of the motor. It is this fact that 
renders the calculations more complicated than those for the starting rheostat 
for a shunt motor (in which only one coefficient is involved). 

The simplest solution is obtained by deriving a second relationship 
between the coefficients in general ienm (i.e. ind(ipendcnt specifically of any 
particular motor), as with two relationshii)s available, eacli of the two coeffi- 
cients can b(‘, determined without difficulty. 

The method is best explained by de<lucing fj-om lirst principles, and in 
general terms, the equations relating to the starting j)eriod. 

Calculation of resistances of sections for seiics steps. Consid(^r a single 
smarting rlu’ostat to be connected in circuit with two motors as shown in 1 he 
circuit diagram of Pig. 178 [a). lA't n denote the number of sections in the 
rheostat ; (?i -f- 1 ) the number of steps or notches in the series position of 
the controller ; ifi, . . . /f„, + i, the rosistanccis of the circuit on each of 

the several notches ; R^^^ tlie resistjince of each motor. If the starting 

conditions requirti an equal vai*iation of tractive effort on each step, together 
with the same upper limit of tractive (dTort on all steps exccipt the first (on 
which a lower tractive effort is required), tlie variation of current during the 
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Fio. 178.- --Portainirig to Calculations of Starting 
Kheostats. 


series porf ion of the starting ptiriod will be as slu)wn in Pig. 178 (h). Denote 
the upper and lower limits of current by 1 2 , rtjspt^ctivtdy, and the 'nitial 
current (which is b(;tween /i and 1 2 ) by /. 

Then initially, 1 — VjR ^ ; wher<j F denotes tluj line voltage which is 
assumed to be constant. 

The resistance R^ is kept in circuit until the current decreases to the 
lower limit, 1 2 ^ when the first section (/f-i — is out so as to obtain the 
upper current limit The current change fi’oru I ^ to is assumed to take 
place instantaneously in all cases, i.e. the speed is unehang(*d. 

Hence, since the counter-E.M.F. of any motor is proportional to the 
product of flux and speed, the counter-P.]Vl.h\s. of each nu)tor immediately 
prior and subsequent to the changti in the circuit conditions are 

-I 2 R 1 ) = respectively. 

Whence ( F - /,/fa)/(F - /^/fi) = cPi/Og. 

Similarly, the resistance R^ is kept in circuit until the current decreases 
again to its lower limit, /j, when the second section (R^ - R^) is cut out so as 
to obtain the upper limit, 7i. Hence, the counter-E.M.Ps. immediately 
prior and subsequent to this change arc 

l(V -I 2 E 2 ) = and J(F respectively. 


Whence (F - /jBalAF - = ^1/^2- 
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This process is continued until, finally, the last section [{R^- R^ + i) 
.= ~ 2/?„j)] is cut out. For this step we have 

i(V-I,RJ = and 1{V-2I,RJ = 


Whence {V - 2T,lt^)/{V - I^RJ = 0,/cD,. 

Hen^e generally 

Oj ^ ^ ^ ~ ^V-2I R 

<i>2“ v-iM, y-Za/e^ "• • • • 


These, then, arc the fundamental equations connecting the circuit resist- 
ances of the steps for the specified starting conditions. Observe that the 
ratio of the fluxes is involved as well as the limits of current. 

When the rheostats consist of only two or three sections the resistances 
of these sections may bo determined by solving the general equations (31) 
by trial and error. Thus the upper limit of current, /,, being fixed the flux Oj 
is obtained from the magnetization curve (or, alternatively, from the speed 
curve if the magnetization curve is not available). The lower limit is then 
assumed, Og is obtained from the magnetization curve and is calculated, 
Rx being known from the initial conditions. The value of Ui is then sub- 
stituted and a solution obtained for 7?,, and so on, until finally the value 
obtained for when solving the final equation, should agree with the 

actual resistance of the motor, otherwise a fresh trial must be made with a 
different value for /j. 

Such a trial and error method, however, is not to be recommended on 
account of its tediousiicss and the amount of time consumed. The mctliod 
is, of coui’se, impracticable w’hen the number of sections is large. Moreover, 
since the ultimate lequirement is tlie redstancos of the sections, ratiier than 
the circuit resistances of the succcjssive steps, a method is desirable in which 
the former can be calculated dir(*ctly. For these c.isfjs one of the simplest 
analytical solutions (wJiich is universal in its application) is that developed 
by the author and given in a paper to the Institution of Electrical Engineers.* 
Starting with the fundamental equations (31), the numerators are divided 
throughout by I ^ and the denominators by thus 

^ cl,^ /, V!T, ~ R, VJTx-2l{^ 

~ V R, V I. R, • • • - j//7i 

Eet A — \)!{^d 1 2 ) 5 y “ Z2//1 \ C“ 7]//. 

Then V I^ - V/IC -= RJC- 
V/I, - V/Ixy = Rx/y:^ 

Substituting these values in equations (i), we have 

^ 7^/: -R.^ _ 77 ,/C - 773 _ __ 7 7,/: ~ 2 77,, 

Rx/yC-iii Rx/y:-Ri Rx/y:~-Rn ' ' 

Cross-multiplying, we have 

77, /C - 77, - MRx/yC - Ri) = RiHlhA - D (iiia) 

• RxIC - 773 - A(77i VC - 772) . . (iii6) 

etc. etc. 

* “ A universal ‘ Chart ’ method of calculating starting rheostats for direct- 
current motors.” Jourmil I.K.K.^ vol. 60, p. 867. An alternative method is given 
in vol. 58, p. 646. Paper by Dr. S. P. Smith on ” Analytical determination of the 
stops in the starter of a series motor.” 

9— (5043) 
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Add (Ri — RJll) to each side of the first equation, so as to eliminate iZj/C 
from the left -hand side, and simplify, thus 

Reduce the left-hand sides of equations (iii6), (iiic), etc., to the form 
(i ?2 - ^ 3 ) f (^3 - ^^ 4)9 etc., by subtracting successively the lower from the upper 
equation of each pair (i.e. subtract equation (iiib) from (iiia), equation (iiic) 
from (iiif^), and so 011 ). Thus 

^2 - - ^2) = 

" Jis = - R 3 ) -= (ivc) 

.... (iv„) 

Observe that these equations give directly tlie resistances of the sections of 
the rheostat, and tliat there is a common ratio (A) between the resistances of 
successive sections. Observe, also, that* the numerical value of A depends 
upon tlie quotient of the ratio of duxes and tlie ratio of currents corresponding 
to the current limits dining starting (or alternatively upon the ratio of the 
tangents of the angles formed by lines drawn fiom the origin to tlie points 
on the magnetization curve corresponding to these currents). Thus the 
value of A depends upoyi the slope of that portion of the magnetization cu ve 
U'hich lies between the current limits I^. Its maximum value is unity — which 
corresponds to a straight-line ii^gnetization curve (i.e. a magnetic circuit 
worked at extremely low flux densities) — and its minimum value is equal 
to y. In the latter case the flux is constant, and if the substitution A = y 
be made in equations (iv) wo obtain the resistances of the rheostat sections 
for a shunt motor. 

Proceeding witli the del e: mination of a general relationship between A 
and y, we add togetlier the whole of the left-hand sides of equations (iva) to 
(ivn), inclusive, and perform a similar operation on the riglit-hand sides. 
The result is 




KB^ 


(iva) 


«.-2/e„= fv'/e. (I +}. + p + . 

--- yv/f, (j -A")/(i - A) 


I- A"->) 


Learrangtaiient 


\\’ hence by rearrangtaiient 
272, 


(V) 


(vi) 


Rut if e is the voltage drop in the (wo inotoi’s coiT(*sponding to the current 
7, then e - 272^7. Hence 272,,,; 72, = (e/7)/(T77) =- e/V, 

The relationship between y «and A can therefore be calculated for definite 
numbers of sections, and definite values of (e/V) and f (= 7,/7). Moreover, 
the results can be ])lotted in the form of universal curves for general use. 
Such calculations havf been made by the author for a number of starting 
conditions, and the curves arc published in the Journal of the Instiiiition of 
Electrical Engineers^ vol. GO, i)p. 870-880. * 

These curves give the general relationship between y and A/y for values of 
n between 2 and 12, inclusive, for f = 1-5, and for approprikte values of 
(«/F). The relationship is given for y and A/y, instead of for y and A, since 
A y = <1^1 /^ 2 > therefore the co-ordinates represent the ratio of currents 

and the ratio of the corresponding fluxes, thereby enabling a Fccond or 
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particular relationship between these quantities to be plotted on the appro- 
priate curve sheet (or preferably a sheet of superimposed tracing paper). 
The point of intersection of this (second) curve with the appropriate curve on 
the chart, therefore, gives both y and A. 

Traction operating conditions, however, render it desirable for the 
rheostat designer to have freedom in the selection of the initial starting 
curient, so that in this case the ratio IJI cannot be fixed for the purpose 
of calculating the general relationship between A and y. But the above 
principle can be adapted to include this case. Thus, by re-arranging equation 
(vi) after substituting ejV for 2B^/22„ we obtain 

~ ^ - (1 -^) (via) 

Therefore, the quantity (A/y - 1)/C [= (®i /^2 “ l)/(^i/-^)] can be calculated 
in terms of A for given values of n and ejV. The results arc plotted in the 
curves of Fig. 170 and give the general relationship between A and (A/y - l)/f. 
The particular relationship between these quantities for the particular motor, 
starting conditions, and number of steps in the controller, is obtained as 
follows — 

The upper limit of current is either given directly or is obtained from 
the current-tractive -effort curve of the motor for the specified upper limit 
of the tractive effort. TlmiO values — ^say 1./$ Iz '" — ^are assumed for the 

lower limit of current over a range which should be a little greater than that 
actually expected during starting, but the range selected is immaterial, 
provided, of coui*se, that all the assumed values are below the upper limit of 
current. The ratios of currents (i.e. Iz'/Ii, ^'’^e calculated. 

The fiuxes Oi, Og', O,"', O,"', corresponding to these currents are obtained 
either directly from the magnetization curve or indirectly from the speed 
curve. Usually the latter procedure will have to bo adopted. In this ca-c, 
assuming that the given speed curv<‘ is that corresponding to the line voltage 
K, calculate the internal K.M.Fs. c()rresponding to the currents Ji, /e', 1 2 ''^ 1 2 ' * 
and a terminal voltage (per motor) V, Obtain the speeds Si, s and 

calculate the flux ratios. Thus, since flux is proportional to (counter-E.M.F./ 
5* peed), we have 

<1), 

0 / ' <l)/ "" «.( V - ////„) ’ <V' ' ''2(F - U"'Rm) 

where is the resistance of the motor circuit appropriate to the speed 
curve in use. 

Next calculate A corresponding to the above ratios of fluxes and currents 
(e.g. A' = (<^i/fi)/(<I> 27 f^ 3 ")* etc.), and from the given initial starting current 
calculate the quantities (AVy'-l/C), etc. Those calculations are quickly 
carried through if arranged in tabular form as in the example which follows. 
Plot the results on a slip of tracing paper superimposed upon Fig. 170, and 
determine the point of intei'scction with the appropriate curve. A and y are 
then determined. 

Determination of number of steps for given starting conditions. AVhen 
the initial starting current and the limits of currents during starting are 
flxe|]l the number of steps in the starter for a given motor can be calculated 
by substituting appropriate values in equation (via) and solving for n. Thus 

rixfwy^rfl/’os'i . . . . (vii) 

A simpler process, however, is to determine which of the appropriate 
curves of Fig. 170 has co-ordinates corresponding to the given values of A and 
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(A/y-l)/C. Thus values for the quantities A and (A/y-l)/f are calculated 
for the given starting conditions and the particular motor. Co-ordinates 
corresponding to these values are drawn in Fig. 179, and the appropriate e/F 
curve which pases through, or is nearest to, the point of intersection of the 
co-ordinates gives the value of n directly. 

Example. Calculation of the sections of the starting rheostat fort^the 
scries steps of a standard tramcar conti*oller to be used with two 50-h.p., 
525-volt motors the characteristics of which arc given in Pig. 26. The 
resistance of eacii motor is 0-45 ohm. The initial tractive effort per motor at 
starting is to be 1100 lb. and the maximum tractive effort i^er motor is to be 
approximately 1700 lb. 

To comply with the stai^ting requirement s we refer to Fig. 26 and select 
the initial staging current at 77A, and the upper limit of current at 105A. 
Hence C ~ I\'I = 105/77 1*36. The voltage drop in the two motors at a 

current of 77 A is 77 X 2 X 0-15 = 69*3 V. Whence e/V == 69*3/525 -- 
0*132. 

We next calculate the iiarticular relationship between A and }.fy for a 
fixed ux>por limit of 105A and lower limits of 80A, 70 A, OOA. The calculations 
are arranged in tabular foi*m 


h 

105 







h 

y{= Jrh) 


0*762 

80 

0*666 

70 

0*571 

60 

Voltage drop per motor 
Internal E.M.F. per motor 

47*2 


36 


31*5 


27 

(= E) 

477*8 


489 


493*5 


498 

Speed (from Fig. 20) (-- s) 

A//'(= E 1 S 2 /E 2 S 1 )* 

13*7 

1*112 

15*0 

1*18 

16*7 

1*275 

18*2 

(A/y-l)/C 


0*0822 


0*132 


0*202 


A 


0*848 


0*787 


0*728 



Plotting these results on Fig. 179 \\(* obtain the jioint of intiTsection 
with the interpolated curve for c F - 0132, n - 3>. as A - 0*78, (A/y “ 1 )/f 
= C*142. Whence ?.;y — 1*193, y — 0*()5I, and 6.S-6A. 

Xow /?! - 525/77 — 0*82 ohms. • 

Hence substituting in equation fiw/) we have 

= 7 ?, I 1 /( 1 , :->')/’/! : ( 1 -)/%-)^ -<‘.•82 - () ; i (!2 

= 2*17 ohms, 
and from equations (iv h), etc., 

7f2-/?3 = A(/f, - /^o) - 0*78 2-47 - 1-93 ohms. 

- A(/k\ - /I’a) -- 0*78 1-93 -- 1*5 ohms. ^ 

Calculation of resistances of sections for parallel steps. -These (;alculations 
are effected by an extension of the above method, the same fund.amental 
principles being involved. Wo shall consider the case in which rheostats are 
connected in the circuit of each motor, as is necessary w hen transition is to be 
made by the bridge method (Fig. 111). The equations deduced for this 
case can be aj)p]icd to cases where a single rheostat is employ(?d — as with 
tramcar controllers — but the \’alues of tlie resistances obtained from the 
application of the equations must be halved. If transitic^n is effected at tlie 
cuiTent I 2 (per motor), and is the upper limit of current (per motor) for 

* denote the internal E.M.F. and speed, respectively, at the current 7 , ; 

Ef, Sg denote these quantities for the assumed lower current limits, 7j. 
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the parallel steps, then, assuming the speed to be unchanged during the 
transition period, we have for the transition step 


=--(V- Br^yav - I,BJ 

where Rij, is the resistance in circuit with each motor on the first parallel step. 
If the lower limit of current for the parallel steps is the same as that for the 
scries steps,* and the resistances in circuit with each motor on the second 
and subsequent parallel steps are Rip, R^p, . . . Rp\n' being the number of 
sections, the genciral equations for the parallel steps are — 

^ ~ _ V ~~ fonx 

^2 V- h V-IiRii ' - • V-^Ti R„' • 


Whence 


- R 2 v _ _ y Urp-Rn 

<bi/fi V/Ii-R,^ 


Similarly for tlie transition step 

- ivif,-n„, 

Dcnoling (‘I>ip//ip)/(<I>j/^ 2 ) by >-p ; by y„ ; F//,,, by ii,' (= y^Bo ) ; 

F/Za by Hoi Ri/yC) ; substituting in equations (viii) and (ix), and cross- 
multiplying we liavo 

Ri'-Rip - ^’pilRo -RJ (xa) 

R,' -Hip - lpilio -R,p) (x6) 

Ri-R^^ - >^piRo-R 2 p) (xc) 

etc. etc. 


From equation (xa) we obtain 

h\^ - - A, ilRo - RJ -- RoVp - ^^piiRo - Rm) • • (xia) 

and by successive subtraction of equations (xa), (x6), etc., we have 
Brp - I (A>„ - A,„) - iUto - nj \ 

=--?.p(\Bo i (xi6) 

V?5p - Ajp Aj, (/iip - Afjj,) 

-- Ap* (J Bp + B,„ - B,p) (xic) 

etc. etc. 

Whence 

B,p - B„. - = (i B„ + B,„ - B.p) (Ap !- Ap* h • • • A,"') 

- (i/f„ ! B,„ - «.p) Ap (1 - Ap’‘')/(1 - Ap) . . (xii) 

Substituting for 7fip from ctxTiation (xia), and denoting Ap{l - Ap"')/(1 - Ap) 
by a,pWo have, after re-arranging and simplifying equation xii, 


+ "ISyp Z K) - 
B^ d-fa'(l-Ap) 


. (xiii) 


* This condition corresponds to the majority of cases of automatic control 
equipments for motor-coach trains. The method can be readily adapted to cover 
the cases in which tlio lower limits of current differ. 
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Now RfnIRo = (^1 1)1 (Vi 1 2 ) = (c/F) (IJI)^ whoro e is the voltage drop per 
motor corresponding to the current /. 

Hence 

± L» — 11 + °) (Vp - Pg) - ja ... 

V'l~ "(l+aia-A,) 

Hence the general relationship between and can be calculated for 
various numbers of sections and for appropriate values of the product (e/V) 
(/*//). A set of curves can then be plotted to give the general relationship 
between XJy^, and Such a set of curves is given in Fig. 179 a *. 

The curve giving the i^ariicular relationship between X^ly^ and y^ is 
obtained in the same manner as for the series stops, but in the present case the 
lower limit of current ig fixed, and therefore values are assumed for the 
upper limit. 

Starting rheostats for locomotives. The problems connected with the 
design of rheostats for locomotive service involve the consideration of a 
number of special features. Thus a locomotive may be required to haul trains 
of various weights, and also to run light. 

Again, when starting a heavy train up a gradient., the tractive-effort 
required may approach the limiting value at which slipping of the driving 
wheels occurs. Under these conditions it is imperative that the limiting 
tractive-effort be not exceeded on any notch, and the controller must be held 
on a notch until the current has decreased to the minimum value. The 
rheostats should therefore bo proportioned to allow of considerable time being 
spent on each notch, ^.rhus with control equipments for heavy freight loco- 
motives it is standard practice to install rheostats having a 5-minute rating, 
while under exceptionally severe operating conditions continuously-rated 
rheostats are installed. These equipments form a striking contnist to those 
for motor-coach trains, in which a 20-second rating for the rheostats is general 
practice. 

Moreover, in starting a long loose-coupled freight train tlie initial tractive 
effort must be lindted to a low value, and must be increased in small increments 
to pull the slack gradually out of the couplings. In this case it is very im- 
portant that the variation of tractive effort during starting shall not exceed 
a definite value. 

The stcarting and accelerating operations arc, therefore, effected with the 
aid of an ammeter connected in the circuit of one motor, as the driver then 
has an indication of the extent of the variation of the tractive effort on the 
several steps. 

On account of the variable conditions of operation, transition cannot 
always bo effected at the same current, and, in consciiuence, full advantage 
cannot be taken of the bridge method. Hence, for serios-pfirallel control, 
shunt transition is usually employed, and, to avoid a sudden restoration of 
normal tractive -effort when the motors are first connected in parallel, one or 
two extra resistance notches must be provided in the x’<)'L‘^^ll<3l’transltion 
positions of the controller. ^ 

The calculation of the resistances of the rheostat sections is, therefore, 
not so simple as in the cases previously considered. The problem is diftlcult 
and complicated ; it is probably best tackled by arranging the grading of 
the rheostats to give uniform variations of tractive cfforl-, together with the 
same upper limit of tractive effort on each step, when starting the normal 

* Tabulated values of a are given in the Author's paper {Joum, I. EE., v. 60, 
P.:871). 
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lines show the starting performances when the locomotive is starting heavy 
and moderately-hoavy loads. In the former case all the combinations of the 
motors are employed. The initial tractive effort is 14,000 kg. (13*77 tons) 
the mean tractive effort is approximately 18,500 kg., and the variation of 
tractive cjffort during the initial stops is 4000 kg. With the moderately- 
heavy load only the series-parallel and parallel combinations are employed. 
The initial tractive effort is 0000 kg., the mean tractive effort is approxim- 
ately 10,000 kg., and the variation of tractive effort during the initial steps 
is about 4000 kg. In both cast's the tapped-field steps are used only in the 
parallel combination of the motors. 



CHAPTER X 


THE CONTROL OF SINGLE-PHASE RAILWAY MOTORS 

The control of the speed and torque of single-phase series railway motors 
is effected by variation of the applied voltage.* Since the operating 
voltage of the motors is much lower than the line voltage, a transformer 
forms an essential part of the equipment, and therefore the various 
voltages required for starting and speed control may be obtained from 
tappings on this transformer. Hence not only are rheostats dispensed 
with, but each control point becomes a running point, so that a number 
of economical speeds are available. 

The regulation of the voltage may be effected in a number of ways, 
but those employed in modern equipments comprise (1) a group of con- 
tactors, (2) a tapping switch. 

In all cases precautions must be Aaken when changing the voltage to 
avoid the successive short-circuiting of the different sections of the 
transformer winding. The method commonly employed is to connect a 
centre-tapped choking coil (called a “preventive COiP’) in the circuit 
between two adjacent contactors. This coil consists of a laminated 
magnetic circuit wound with a single winding which is tapped at the 
centre point. It offers a high impedance to a current passing through the 
winding from end to end, but exerts practically no choking effect upon 
current passing between the centre poirit of the winding and the two 
ends, as in this case the resultant ampere-turns are zero. When the 
winding is connected between adjacent tappings of the transformer the 
potential of the centre point is approximately midway between that of 
the tappings. 

Contactor method of tap changing. The connections are sliown 
diagrammatically in Fig. 181. The contactors (1,2,. . .6) are arranged 
in two groups (viz. 1, 3, 5; 2, 4, 6), with the common terminals of each 
group connected to a preventive coil, the centre-point of which is con- 
nected to the motor. Two contactors, normally connected to adjacent 
tappings, are closed on each notch. Each contactor, therefore, carries 
approximately one half of the motor current. Transition from one voltage 
to the next is effected by opening one contactor and closing another 
belonging to the same group. 

Division of current in preventive coU. It will bi; of interest to investigate 
the currents in the two portions of the preventive coil and the motor voltage 
during transition. 

Under normal conditions the currents in the*coil and the sections of the 
transformer are distributed in the manner shown in Fig, 182 («), the veotor 
difference between the currents in the two portions of the coil being equal 
to twice the normal magnetizing current. Fig. 1 82 (ft ) shows the vector diagram 
for these conditions. The vectors OE^ represent the voltages of the 
tappings to which the coil is connected: the vectors O/, 07^ represent the 

* In a few isolated and exceptional cases the control is eff(3cted by brush shifting. 
See The Engineer, vol. 113, p. 522; vol. 114, p. 11. 
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motor current and the normal maf^etizinu^ current of the coil respectively. 
The currents in the two portions of the coil are therefore represented by 01 x 
and O/,. 

The motor voltage is obtained by subtracting vectorially the voltage drop 
in the right-hand portion of the coil from OEi. Oa represents the induced 
voltage in this portion of the coil, Oh the internal voltage drop due to resistance, 
anc* Oc — ^the resultant of Oa and Oh — the total internal voltage drop. The 
motor voltage is given by OF, the resultant of OE^ and Oc. 

When one-half of the coil carries the motor current the whole of the 
ampere-tums are expended in the magnetic circuit, and a considerable 



choking effect will be produced unless the magnetic circuit is designed with a 
high reluctance. 

The vector diagram for this case is shown in Fig. 183 (6), in which Ol repre- 
sents the motor current, Oa the induced voltage, 06 the internal voltage 



Fio. 182. Fkj. is:i. 


Vector Diagrams showing tln' effect of I’reveiitivo Coil on Motor A'oltage. 


drop due to resistance, and Oc the li>tal internal voltage in the half-coil 
which is carrying the current. Hence the motor voltage is given by OF. 

Contactor methods of tap changing for large currents. Owing to 
certain difficulties in the design of alternating-current contactors for 
Irrge currents (above 1000 amperes) it is now the practice, when con- 
taoCors are to be employed for tap changing, to divide the current between 
a number of contactors. A simple method is shown in Fi^r. 184 and is an 
extension of tha shown in Fig. 181. Three preventive coils are employed, 
and the motor current divides be ween four contactors. These con- 
nections, however, require the use of a large number of contactors and a 
large number of tappings on the transformer. 
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Pigs. 185, 186 show alternative methods which possess the advantage 
that fewer tappings are required on the transformer. In the method 
shown in Fig. 185 the current divides betweim three contactors. Two 
preventive coils are employed ; one (.4) is tapped at its mid-point, and 
the other (/i) is tapped at one-third of its winding, as the current in the 
portion having the smaller number of turns is normally twice that in the 


Main Transformer 



Fio. 187. — Coiitiiotor .Mothods of Obtaining a Numbor of Operating 
Voltages with Few Tappings on Transformer. (Oerlikon.) 


other portion of the coil. The coil A is connected to two of the contactors 
of ^ach group (o.g. 1,2,; 4, 5 ; 7, 8 ; etc.), and the other coil, B, is 
connected to the third contactor of each group and to the mid-point of A. 
By closing the contactors in the order shown in Fig. 185, three operating 
voltages are obtained from each pair of tappings on the transformer. 
For example, on the first stop contactors 1, 2, 3 are closed and the pre- 
ventive coils are connected to \ho first tapping. On the second step 
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contactors 2, 3, 4 are closed and coil A is connected across the first and 
second tappings, coil B remaining connected to the first tapping. On 
the third step coil B is transferred to the second tapping, and on the 
fourth step the other end of coil A is transferred to the second tapping. 
Hence, if n voltages arc available from the transformer, 3(w - 1) + 1 


Main Transjormer 




Fig. 187a. — Contactor Method of Obtaining a Large Nnmbor of Operating 
Voltages with Few Tappings on Transfonm^r. (Oorlikon.) 

operating voltages are available for the motor with the use of 3n 
contactors. 

In the method shown in Fig. 186 the motoi current divides between 
six contactors. One preventive coil, (7, and two three-limbcd chokipg 
coils, Aj By are required. The contactors a e closed in the order shown 
in Fig. 186, and two operating (motor) voltages are available i^om each 
tapping beyond the third. 

Contactor methods of obtaining a number of voltages with few tapping 
on transformer. One method, shown in Fig. 185, has been referred to in 
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the preceding section. Other methods are shown in Figs. 187, 187a.* In 
the two methods shown in Fig. 187 two bridging coils a, b are employed, 
of which one (a) is used as an auto-transformer and the other (6) as a 
preventive coil. In one case the auto- transformer is centre-tapped, and 
in the other case it has two tappings. The combinations obtained by using 
these auto-transformers in conjunction with the preventive coil (6) and 
the tappings on the transformer arc shown in the sequence charts. 

An ejctension of these methods is shown in Fig. 187a, which refers to 
a two-motor equipment or its equivalent. With a single motor equipment 
one of the bridging (preventive) coils, 6, and the corresponding group .of 
four contactors (c.g. Nos. 8, 10, 14, 16 or 9, 11, 15, 17) would be eliminated. 
The bridging coils (6) function both as auto -transformers and choking 
coils, and the tappings on the main transformer are used both singly 
and in pairs. For example, tapping No. 1 is in use on notches 1, 2, 3 ; 

Tr^ns Former 


— \IVWWWWWWVWV\AAAWWW\A^ 



Fig. 1 88. Tappinp-svvitch M<it hod of Tap-changing. (Brown-Boveri.) 


Nos. 1 and 2 on notehe.s 4, 5 ; No. 2 alone on notch 6 ; Nos. 2 and 3 on 
notches 7, 8 ; etc. Transition from one tapping to the. next is effected 
in conjunction with contactor No. 18, which is connected between the 
bridging coils (a). Any arcing occurring during this process is taken on 
this contactor, and, in consequence, arc-rupturing devices arc unnecessary 
on the contactors (Nos. 1-7) connected to the tappings of the main 
transformer. 

Tap changing by double-contact sliding switch. The double-contact 
type of switch which is employed for voltage regulation in direct-current 
accumulator installations is also suitable for tap changing. For this 
purpose the switch is arranged with its contacts in a straight line and the 
moving elements are lixed to a carriage which is operated by either a 
screw- or a chain-driven mechanism. Sparking or arcing at the sliding 
contacts is prevented by two contactors which are mechanically operated 
in synchronism with the sliding contacts and are so connected that all 
circuits are made and broken at the contactors. 

Fig. shows the connections for the simplest case. The sliding 
contacts A, B are insulated from each other and are fitted to a carriage 

♦ The methods shown in Figs. 187, 187a, represent the latest Oerlikon practice; 
the connections of Pig. 187 being employed for motor-coaches, and those of Fig. 187a 
for locomotives. 
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which is operated by the screw S, the pitch being equal to that of the 
fixed contact blocks, D, which arc connected to the tappings of the 
transformer. The contactors Ci, C^ are operated by cranks fitted to an 
extension of the screw S, One contactor, is connected to a preventive 
resistance, /?, and the other contactor, C^, short circuits this resistance, 
together with the contacts of contactor When either of tho sliding 
contacts A, B is fully on one of the fixed contacts, contactor Og 
closed and C^ is open. When both of tho sliding contacts are on adjacent 
fixed contacts (i.e. during transition), both contactors are closed, and the 
preventive resistance is connected between the sliding contacts. 

The cycle of operations in changing from one tapping to the next is 
as follows — 

Assuming tho switch to be in tho position shown in Fig. 188 and 
contactor C^ to be closed, the forward rotation of the screw causes B to 


M^inCon^acU 





Fio. 189. — Magnot and I^ver Syatom of Siomons-Sphuckort 
Eloctromagnotic Contaefor. (Full linos show Contaotor 
in opi^n po.sition, dotted linos show (bntnrtor closed.) 

A, annciturf ; It, lover Ilxod to armature ; C, link ; J), boll-crank lovor plvotoil at A’. 


make contact with block 2. Contactor C^ is then closed and contticter C^ 
is opemd before A leaves contact block 1. Contactor C^ remains clostni 
while switch B is passing across block 2. C’ontactor 0^ closes immedi- 
ately after A makes contact with block 2, and (\ o]u^ns just before* B 
leaves this block. 


Control Apparatus 

Contactors. These are usually of the electromagnetic type in European 
equipments, although in some cases electro-pneumatic contactors are 
empLiyed. Elec tro -pneumatic contactors are .* dopted universally with 
American equipments. 

The electro-pneumatic contactor for alternating-current circuits closely 
resembles, and in some cases is almost identigal with, its prototype for 
direct-current circuits. It possesses a number of advantages over the 
electromagnetic type. Thus (1) the higher contact pressure enableS a 
smaller width of contact to be employed for a given current, thereby 
resulting in a lighter moving contact and a lower eddy-current loss in the 
contacts ; (2) the operating mechanism is simpler and lighter than that 
of an electromagnetic contactor ; (3) the energy required for operation 
and control is very small. 



CONTROL OF SINGLE-PHASE RAILWAY MOTORS 273 


The electromagnetic valves are usually identical with those for 
direct-current equipment and are supplied with direct current at a low 
voltage. 

The electromagnetic contactor for alternating-current circuits differs 
in a number of features from a similar contactor for direct current 
circuits. In general, the former is much heavier than the latter and 
requires more energy for its operation. Moreover, a number of difficulties 
are encountered in its design which are non-existent in the direct-current 
contactor. For example, (1) to obtain rapid action the moving contact 
must be operated through a system of levers from a relatively light 
moving armature ; (2) the magnetic circuit must be laminated ; (3) chat- 



Fia. 190. — Siemens-Schuckert Electromagnetic 
Contactor with Arc Chute Removed. 


tering or vibration of the moving armature duo to the alternating flux 
must bo prevcuited ; (4) the main contacts must bo laminated or divided 
to reduce eddy currents (which would bo generated in solid contacts by 
the alternations of the blow-out field) ; (5) the current in the operating 
coil varies with the position of the moving armature and the ratio of 
max'mum to min'iiiura current — corresponding to the open and closed 
positions, respectively — ^may be of the order of 5 to 1. 

A sketch of a typical magnet and lever system is given in Fig. 189, 
and a typical contactor is illustrated in Fig. 190. The design is such that 
the load on the armature of the magnet (due to the weight of the moving 
parts) increases as the air gap decreases, but becomes very small when 
the air gap approaches zero. Chattering is prevented by short-circuited 
coils (called “ shielding coils ’’) of copper in each of the pole faces, each 
coil embracing approximately one-half of a pole face. The circulating 
currents due to the alternating flux cause a phase difference between the 
fluxes in t,)ie two portions of the polo faces, with the result that the 
variation of the resultant flux is relatively small and a practically steady 
pull is obtained.* 

* The theory of the “ shielded-pole ” electromagnet is given in the Author’s 
Theory and Practice of Alternating Currents, p. 384. 
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The contact pressure is obtained by a compound compression spring, 
which is designed to give a high pressure both initially and finally. Rapid 
opening is thereby ensured. 

The strong blow-out field is confined, by pole-pieces of special design, 



OSL ^Of0^S0C 


Fio. 192.- -Siomons-Schuckort. Contactors arranged for Mounting under| 

Motor-coach. 


to the space occupied by the contact tips and arcing horns, and a sharp 
rupture of the arc is obtained. This feature is shown in the rcfproduced 
oscillograms shown in Fig. 191. These osLillograms show also the varia- 
tion of current in the operating coil during the closing of the contactor. 

Fig. 192 shows a group of contactors arranged for under-frame 
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mounting. The divided main contacts, the interlocks, and the copper 
strip connections between the contactors are shown clearly. 

Typical electro-pneumatic contactors are shown in Fig. 193, this 
illustration referring to a group of Oerlikon contactors installed in the 



Fig. 193. — Oerlikon. Elociro-pnoumatic Contactors Installed 


in Motor-coach. 


control department of a motor-coach (described in Chap. XVI). The 
driving cqu^ment of the coach consists of a single frame-mounted motor 
rated at 618 h.p., 490 volts. 

Fig. 194 illustrates the latest form of Oerlikon cam-operated con- 
tactors, or step switches, for heavy currents. The switches are of the 
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double-throw type with the contacts arranged vertically ; the fixed 
contacts being mounted upon twin mica-insulated steel rods fitted to a 
frame built up of steel plates and sections. The moving contacts are 
fitted to the ends of a number of double levers, which are arranged in 
two groups ; the levers of each group being pivoted to horizontal shafts 
and operated by geared camshafts which are driven by a small motoR 
Provision is also made for hand operation in emergencies. The switching 



Fio. 194. — Oorlikon Cam -opo rated Step Switches for Locomotive Service. 


operations are so arranged that all arcing is confined to one switch of 
each group, the contacts of which are provided with a niagnetic blow-out. 

The switch group shown in i^ig. 194 is arranged for controlling the 
motors according to the scheme of Pig. 181, nine tappings being required 
on the transformer. The tappings are connected to the fixed contacts in 
the following manner — 

Tappings No. 1 to switches A and B ; No. 2 to switches C and D ; 
No. 3 to switch E ; Nos. 4 to 9 taken in order to switches F to M taken 
in order. The preventive coil is connected to the fixed contacts of switches 
a and c, these contacts being also connected to the blow-out contacts 
of h and d, • 

With the exception of the first two steps, the switching from tapping 
to tapping is carried out in the same order as in the contactor group of 
Fig. 181, but in the present ease the eircuits are always made and broken 
by the switches 6, d, which are fitted with magnetic blow-out. Thus, 
assuming tappings 2 and 3 to be in use, switches /), E, a, b, c, d will be 
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closed. Note. — Switches a, c short-circuit the blow-out contacts 6, d 
respectively, and are in series with D and E, respectively.) The forward 
rotation of the camshafts to the next step causes the following cycle of 
operations to take place : (i) switch c opens ; (ii) d opens ; (iii) D opens ; 
(iv) F closes ; (v) d closes ; (vi) c closes. 

The corresponding circuit changes are* : (i) the short-circuit across 
the blow-out contacts d is removed ; (ii) the circuit via tapping 2 and 
preventive coil is opened at d ; (iii) tapping 2 is disconnected from the 
switch levers ; (iv) tapping 4 is comu'cted to the switch levers ; (v) the 



circuit via tapping 4 and preventive coil is established by the blow-out 
contacts d \ (vi) these contacts are short-circuited. 

Similar cycles occur at each succeeding step, the left-hand and right- 
hand groups of switches acting alt('rnately. 

Tapping switches. The sliding-contact switch tap changer has been 
standardized by Messrs. Browii-Boveri for motor-coach and locomotive 
equipments, and nearly 300 of tlu'se switches are in service. A typical 
switch, mounted in ])osition on the Iransfortner, is illustrated in Fig. 195, 
from which thi^ extreme compactness of this method of tap changing will 
be observed. The method of operation has already been considered in 
detail on p. 271. 

^The screw shaft operating the switch is chain driven by a small 
direct -current motor, and the arcing switches, or contactors, are actuated 

* These circuit cliaug.*s arc identical with tlioso wliich wore effected, in earlier 
Oorlikon locomotive equipments, by means of a druin-typo controller and two 
pairs of contactors Of)erated through gearing from the controller drum. (See Electric 
Motors and Control Systems, pp. 308-310.) 
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by cranks fitted to this shaft. A slip-coupling is interposed between the 
motor and the driving chain- wheel. 

The sliding contacts are usually of the laminated-brush type, but in 
some cases solid contacts are employed. With the laminated contact the 
laminations arc set obliquely to the direction of motion so as to prevent 




Fig. 197. 


Brown-Boveri Tupijing Switcli and (’irciiit Diagrams for Four-motor 
Equi|iinc‘]il. (Tim small diagrams sliow tin* cirouit connect ions, 
for one motor, for tlu' “oiT ” jjosition, and tlic first four 
notclies of tlio master ct)rit roller.) 

the formation of grooves in the tixed contact bars and blocks. The sliding 
surfaces arc lubricated automatically by felt pads. 

Switclu^s of the typt? illustrated in Fig. 195 are made with a maximum 
number of 18 switch positions, as although the switch itself could*be 
arranged with a larger number of positions, difficulties are encountered 
in providing a larger number of tappings on the transformer. Accordingly, 
for the largest locomotives (for which 18 switch positions are insufficient) 
a special circuit has been developed by means of which a large number 
of switch positions is obtained with relatively few tappings on the 
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transformer. This circuit involves the use of an auxiliary, or booster, 
transformer, the primary winding of which is excited at constant voltage 
and the secondary winding is connected in series, successively, with the 
tappings of the transformer. Three operating voltages are, therefore, 
available from each tapping, viz. (1) the actual voltage of the tapping, 
(2), (3) the difference and sum of the voltages of the tapping and auxiliary 
transformer. 

Figs. 196, 197 show the tapping switch and circuits for a four-motor 
equipment. 

The sliding contacts of the tapping switch proper, S, are mounted 9 n 
a carriage, C, and operated by an endless chain, D ; this construction 



Fio. l'.)S. — W(‘stinghouso Master Controller witli Cap-plate Jiemovod. 
(Non-autoniatic Control.) 


being both cheaper and less bulky than that having a screw spindle and 
travelling nut. The chain is driven through bevel gearing from the 
camshaft, B, which is geared to another cam-shaft, A, the latter being 
geared to the driving motor. The arcing switches, F (which consist of 
eight — two for ('ach motor — cam-operated contactors, each having a 
magnetic blow-out and arc chute), are actuated by the cam-shaft, B, and 
correspond to the contactors Cg preventive 

resistances (viz. one for each pair of arcing switches) are shown at R, and 
are located between the tapping switch and the arcing switches. The 
second group, G, of cam-operated contactors control the switching of 
the primary winding of the booster transformer, T 2 , and effect the 
following combinations : (1) primary winding excited so that the secondary 
volliage opposes the voltage of main transformer, T^ ; (2) primary winding 
short-circuited ; (3) primary winding excited so that the secondary 
voltage assists the voltr^go of T^. These operations have to take place 
at each position of the tapping switch proper, and the correct timing of 
the operations is effected by a special toothed gear, E, and the gearing II. 

Beversers. These switches have to perform the same functions as 
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the reversing switches in direct-current equipments. Usually a throw- 
over drum-type switch is employed and is operated cither electrically 
(by electromagnets) or electro -pneumatically. 

Master controllers. Illustrations of typical master controllers for 
locomotive service arc given in Figs. 198, 199. The controller of Fig. 198 
is designed for controlling electro-pneumatic contactors according to the 
scheme shown in Fig. 184, the full eonm'ctions being given in Fig. 20(5. 

Th(^ control circuit is supplied with 
direct current at low voltage. 

The controller of Fig. 199 is de- 
signed for controlling a tapping switch 
(Fig. 197) and electro -pneumatic 
reversers. It possesses a number of 
S))eeial features which are described 
later (p. 28(5). 

Transformers. A single transfor- 
mer is now employed for supplying 
the motors and the auxiliary circuits. 
The transformer is usually of the 
single-winding(auto-transformer)type, 
as this type possosse^s two advantages 
over the double- winding type : (1) a 
slight saving in active materials (about 
.*1 i^er (jont for the ratios of transfor- 
mation common to single-phase trac- 
tion circuits); (2) an unrestricted choice 
in the selection of the voltages for 
auxiliary, heating, and lighting circuits 
(these voltages may be chosen either 
equal to or higher than any oj the 
motor operating voltages, the higher 
voltages being obtained by tappings 
on the primary portion of the winding). 
The single-winding transformer, how- 
(wor, necessitates the earthing of one 
side of the motor circuit. 

The transformers may be either 
ail cooled or oil cooled. Air cooling, 
by means of a blower, may bo employed with a shell- type transformer 
and results in a considerable saving in weight compared with an oil-cooled 
transformer of the same output. The reduction in weight is due to the 
elimination of both the oil (the weight of which may bo between 1000 
and 2000 lb. for a transformer suitable for a locomotive) and the relatively 
heavy containing-tank. • 

The air-cooled (air-blast) transformer is practically standard with 
American equipments, and has boon adojited in some European equip- 
ments. But the oil-cooled transformer is installed in the majority of 
European locomotive equipments, and is also standard for European 
motor-coach equipments. The chief reason for the preference of the 
oil-ppoled transformer is that the oil-immersed windings are protected 



IROmi BOVEM 


Fio. 199. — Brown-Boveri Master 
Controller. 
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against moisture and dust. Moreover, with oil cooling tlie possibility of 
“ hot spots (i.e. local high temperatures) is less than with air cooling. 

With the largo size (1000 to 2000 kVA.) of transformer necessary for 
a heavy locomotive and the restricted space available, it is not possible 
to provide sufficient cooling surface in the tank for the natural cooling 
of the oil. An external oil cooler and a circulating oil pump is, therefore, 
necessary. The external oil cooler takes the form of a series of tubes 
(through which the heated oil from the transformer is circulated) which 
are cooled by a current of air. The air blast is usually supplied by a 
motor-driven blower, but in a number of large express locomotives in 
service on the Swiss Federal Railways the tubes are mounted bene&th 
the running board on one side of the locomotive and are cooled by air 
currents due to the motion of the locomotive. This method (which is due 
to Messrs. Brown-Boveri) has given very satisfactory results in practice. 

Figs. 200, 201 illustrate a transfornu'i*, of about 2500 kVA., for 
locomotive service ; Iransformcrs of this ty])e being installed in the 
large Oerlikon go( ds locomotives (see Chap. XV JI) in service on the 
Swiss Federal Railways. 

Th(; transformer is of tlie sh(‘ll type* and is oil iinniersed, the oil being 
cooled in an external cooler by an air blast. The blower and the oil 
pump (for circulating the oil through transformer and cooler) are motor 
driven. 

The primary winding (which is designed for 15,000 volts, 16f cycles) 
has tappings to give 1000, 800, and 220 volts ; th(j high(*r- voltage tappings 
being for train heating, and the low-voltage* tapping for the auxiliary 
circuits on the locomotive. Two seeoiidary windings are provided, each 
of which has nine tappings. The external connections from the tappings 
are arranged in the mann(*r sliown in Fig. 200 to facilitate connection to 
the step switches, wliieh are of the tyi)e shown in Fig. 194. 

An example of an oil-cooled transformer (built by Messrs. Siemens- 
Schuckort) of moderate output, with natural cooling, is illustrated in 
Figji202, and constructional details are shown in the drawings on Plate I. 
The transformer is of the shell type and has a single winding, which has 
ten tappings for the motor circuit and three tappings for the train heating 
circuits, as shown in the connection diagram on Plate I. Only one of 
the tappings for the heating circuits is in use at a time, and the object of 
providing three tappings is to enable different degrees of heat to be 
obtained. 

The tank (which also contains the preventive coil) is of boiler plate, 
and its sides are fitted with radiator tubes. An outer casing (which is 
open at the top and bottom) is fitted around the tubes so as to increase 
the natural draught and the cooling effect. The oil is circulated through 
the ventilating ducts in the transformer windings and the radiator tubes 
by a motor-driven pump which is built into tlie tank. Thermometers 
(both direct and remote indicating) arc fitted so as to give at all times 
andndication of the temperature of the oil. 

Protective apparatus. The transformers and motors are protected 
against overload by means of automatic overload oil switches and fuses. 
High-frequency lightning discharges are prevented from reaching the 
transformer by means of some form of lightning arrester and choke coil. 
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In some cases, where a single transformer supplies the motors and all 
the auxiliary circuits, a circuit breaker is inserted in the motor circuit in 
order that an overload on the motors shall not trip out the high-tension 
oil switch and so cut off the lighting and control circuits. The oil switches 
may be closed manually, electrically, or pneumatically. 

J[t is not the practice to interrupt the primary circuit of the main 
transformer when power is cut off from the motors, as this procedure 



Fto. 202.- -Sionions-Scliuckort Oil-ininiorsod Self -cooled 
Transformer. 

is liable to set up surges which may produce breakdowns in the insulation 
of the transformer and high-tension wiring.* 

The oil switches, current and potential transformers, and all high- 
tension protective devices must be located in a steel “ high-tension 
compartment. The doors of this compartment must be mechanically 
interlocked with the current collectors, so tliat the doors cannot b^ 
opened when the collectors are in contact with the overhead line. The 
opening of the doors usually earths tlu' high-tension circuit, and in some 
cases the current collectors cannot bo raised when the doors are open. 
(See Chapters XVI and XVII for further details.) 

Examples of Typical Control Systems 
Motor-coach multiple-unit control system. An example of the con- 
tactor system applied to a motor-coach, and arranged for multiple-unit 
control, is shown in Fig. 203. This example refers to the Westinghouse 
equipment in service on the Morecambe-Hoysham single-phase experi- 
mental line of the London, Midland and Scottish Railway. 

* In this connection son Minutes of Proceedings of the Institidion of Civil Engineers^ 
vol. 170, p. 92, paper on “ The Electrification of the Morocambo and Heysham 
branch lines of the Midland Railway,” by Messrs. J. Dalziel and J. Sayers. 
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Motor Circuit Connections ContaeCon dtied tn emeh Uoteh 


Fig. 203. — Connections of Motor and (V)ntrol Circuits for Wcstinpjliouao 

Siiiglo-j)liast* Series Motors. « 

A special feature is that the master controller and control circuit 
are arranged to permit train operation witii “ mixed ” equipments, e.g. 
electro-pneumatic control with electric interlocking, and “ all-electric 
control with mechanical interlocking.* 

♦ Further details are given in The Klectrician, vol. 01, pp. 324, 363, 371. 
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The main transformer is of the oil-cooled “ auto type, and is pro- 
vided with six tappings. An auxiliary transformer supplies the control 
and auxiliary circuits at 150 volts. The control is electro-pneumatic, 
the “ switch group ” consisting of six contactors. The centre point of 
the preventive coil is connected to the motors through two additional 
dbn^actors, A* (called “ line switches ’*), w'hich are controlled from the 
reversing cylinder of the master controller. These? contactors arc elec- 
trically interlocked with those of the “ switch group,” so that the latter 
cannot be operated until the line switches are closed. Auxiliary contacts 
are also provided on the “ switch group ” for interlocking these con- 
tactors against incorrect operation. 

The reversor is of the throw-over drum type, and is clectro-pneu- 
matically operated. 

The master controller is arranged on the “ dead man’s handle ” 
principle, and is provided with separate handles for reversing and speed 
control. When either the forward or the downward pressure on the 
main handle is released, the control circuit is interrupted at the bridging 
contacts D on the main cylinder. 

The main automatic oil-switch E is electro-pneumatically operated. 
When the switch opens on overload, it can only be reset by returning 
the driving handle of the master controller to the “ off ” position. 

The brakes arc of the vacuum type, and the vacuum pump motor has 
two operating speeds, the higher speed being employed when a vacuum 
has to bo created rapidly to release the brakes. The control is effected 
by a switch connected with the brake valve. 

Control system for a large locomotive. This example refers to one of 
the recent 115-ton, 2800-h.p. (continuous) express passenger locomotives 
(equipped by Messrs. Brown-Bov(?ri) in service on the Swiss Federal 
Railways. The four motors arc supplied from a single auto-transformer 
having seven main tappings and giving no-load voltages (at 15,000 volts 
primcjry) of 104, 178, 237, 297, 357, 431, 505. The auxiliary machines 
are supplied from the 237 -volt tapping and the train-heating cir- 
cuits are supplied at either 800 volts or 1000 volts from two additional 
tappings. 

Speed control is effected by a tapping switch (Fig. 196) in conjunction 
with a llSkVA. booster transformer, the primary of which is excited 
at 505 volts and the secondary (20 volts) winding is connected in the 
main motor circuit so as to buck or boost the voltage of the main trans- 
former according to the principle discussed on p. 278. 

The tapping switch is driven (through chain gearing and a slip- 
coupling) by a direct-current series motor, which receives its supply — 
via the master controller — from the 36-volt train lighting circuit, this 
voltage (36 volts) being the standard voltage for train lighting on the 
Swiss Federal Railways. 

The circuit diagram for the motors, tapping switch, and elcctro- 
pneumatic reversers is shown in Fig. 204. The circuits of the maste 
controller— 4n so far r«s they concern the tapping-switch motor — are 

♦ Tlicise contactors wci*e inserted to provide a break between the jnotor circuits, 
and to ])revont tlio motors building-up as direct -current generators if the coacli were 
hauled by a locomotive, with the reverser in the incorrect position. 
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shown in Fig. 205. This diagram shows also the mechanical arrangement 
of the controller, which has a number of special features, such as a 
“ follow-up ** device for stopping the tapping-switch motor, an indicator 
which shows the position of the tapping switch, and means for operating 
the tapping switch by hand in case of emergency. Formerly the control 
of the tapping-switch motor was effected by a “ position regulator or 
interlocking drum on the switch itself. The present arrangement results 
in a considerable simplilication of the control circuit and at the same 
time gives the driver a clear indication of the position of the tapping 
switch. 

* The tapping-switch motor has two field windings (viz., one for each 
direction of rotation) and drives the transmission gearing through a 
slip-coupling. The tapping switch is locked in the operating positions 
by an electromagnetic pawl, which also controls the switch for starting 
and stopping the motor. Hence the control of the tapping-switch motor 
involves two switching operations, viz., connecting the appropriate field 
winding in circuit and closing and opening the circuit of the solenoid of 
the pawl. These operations are effected by two sets of fingers and seg- 
ments in the master controller. 

The master controller, Figs. 199, 205, is of the drum type ; it has a 
driving hand-wheel mounted on a central spindle (/I, Fig. 205) and an 
auxiliary, or reversing, handle and spindle By which is interlocked with 
the former. The segments are arranged concentrically with the central 
spindle, but only the segment H is fixed thereto, the other segments 
being fitted to insulated drums which are mounted loosely cither on this 
spindle or on a hollow shaft Z>. For example, the drum O is mounted 
loosely on the spindle Ay and is operated through toothed segments by 
the reversing handle ; the drum F is mounted loosely on the hollow 
shaft, and is operated through linkwork Ky by the cam-lever L, which, 
in turn, is actuated by the roller-lover M fixed to the hollow shaft ; the 
drum E is also loose on the hollow shaft and is actuated by the striker 
plate N fixed to drum F, The hollow shaft is connected to the spindle A 
by the bevel pinions of the differential gear C, This gear is fitted with 
a pointer P and a worm wheel and worm, the latter being coupled 
mechanically (by chain gearing) to the shaft of the tapping switch. 

The method of operation is as follows : The reversing handle is set to 
the desired position, which opc^ration energizes tlio appropriate valve 
magnet of the pneumatic cylinders of the reversers and connects the 
control supply to the fingers supplying the contact drums Ey F, The 
hand-wheel is moved in the clockwise direction to the desired operating 
position, which causers the roller -lever. My first to engage the cam-lever, 
Ly and thereby actuate the contact drums, and then to move through 
an angle equal to that through which the hand-wheel was moved. Hence 
the solenoid Q of the pawl of the tapping switch locking device is 
energized and the tapping-switch motor starts. 

The worm-wheel of the differential gear, being driven by the tapping 
switch, causes the hollow shaft to move backwards towards its initial 
position, owing to the operating spindle A being held stationary by a 
star-wheel and pawl. This causes the roller lever M finally to re-engage 
with the cam -lever Ly and so return the contact drum F to its initial 
(“ off *’) position, thereby interrupting the circuit of the solenoid of the 
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pawl Q. The circuit of the tapping-switch motor is opened when the 
pawl engages the slot in the locking wheel. The tapping switch is, 
therefore, brought to rest and locked, and any over-running of the motor 
is taken care of by the slip-coupling. The striker plate N however does 
not move the contact drum E during the return movement of M, 

If the hand-wheel is moved farther in the clockwise direction to 


anothe: position, the roller-lever engages the cam-lever and re-establishes 

^ ^ ^ the supply to the solenoid Q, 

B which re-starts the tapping- 

A switch motor. This circuit is 

again interrupted, as before, 
when the tapping switch 
C _ reaches the position corre- 

spending to the setting of the 
driving hand-wheel. 

If the hand-wheel is 

p moved to a lower position 

I — (i.e. in the counter-clockwise 

lSI direction) the drums E^ F 

i Taking si^ibeh throw^n to their alter- 

native positions and the tap- 

TSq p ping-switch motor is re- 

however, the 

^ ^ ^ hand-wheel is returned 

V quic*kly to a position beyond 

the normal zero, or “ off, * 

-.1 ^ position, a tripping device 

" ' is em^rgizod (by means of the 

contacts 11) which opens the 
^ U arcing switches and discon- 

lujcts the motors from the 
^ transformer. 

The four reversed are 
A mounted on their respective 

motors and are coupled to 
a longitudinal shaft, which 
Fio. 205^^-Arrang«m<-t.t of Circuit of oporatod by differential 

Brown -Bovori Master Coiilrollor for • i* j • i 

Control of Tupping Switch. cylinders in the usual 

(N 0 TE.-FingerH JT, F. z control tiu 3 Hectro-pueumatic “tanner. Provision is made 
reversers.) for hand operation (both 

of the revorsers and the 


.%s 


Fio. 205. — Arrangement of (ireuits of 
Brown -Boveri Master Controller for 
Control of Tupping Switch. 

(Note. — Fingeni X, Y, Z control tlu3 clectro-piieuinatic 
reversers.) 


tapping switch) and for cutting out, if necessary, any of the motors. 

When the tapping switch is returned to its zero, or “ off,** posi- 
tion the cam-operated arcing switches {F, Fig. 197) are all opened, 
so that the motors are entirely disconnected from one another ; they 
cannot, therefore, build up as direct-current generators in the event of the 
locomotive being hauled with the reversers in the incorrect position.’ 

In order quickly to cut off power from the motors in an emergency, 
the cam -operated arcing switches are fitted with an eleclromagnetic 
tripping device which causes these switches to open instantaneously. 
The tripping device is energized — by means of contacts H (Fig. 205) 




10— (5043) 
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fixed to spindl(3 A of the master controller — ^when the hand-wheel is 
returned to a position beyond the normal “ off ” position. 

Control system for dual operation on alternating-current and direct- 
current circuits. Certain passenger and freight locomotives on the New 
York, Now Haven, and Hartford Railroad have to be capable of running 
over the tracks of the New York Central Railroad — ^Avhich are supplied 
with din^ct current at C50 volts — ^in addition to operating on the single- 
phase 11, 000- volt system of the Now Haven and Hartford Railroad. 
The freight locomotives are each equipped with eight compensated-series 
motors, rated at 170 h.p. 275 volts (alternating current) and 200 h.p. 
325 volts (direct current). The motors are arranged in pairs, and the 
motors of each pair are permanently connected in series. For alternating- 
current operation the four pairs are connected in parallel, while for 
direct-current operation the four pairs arc arranged in two groups — the 
two pairs of each group being connected in parallel — and controlled on 
the series-paralJel system with “ bridge ” transition. 

The various combinations between the motors, rheostats, and trans- 
former tappings arc effected by electro-pneumatic contactors. There are 
in all 32 contactors, of which 17 are used for alternating-current control 
and 19 for direct-current control, four contactors being common to both 
control systems. 

The control circuit is supplied from a 32-volt battery, and the whole 
of the control operations are effected by a single master controller in 
conjunction with a change-over switch. 

The principal connections of the motor circ\iits and th ^ control 
circuits are shown in Fig. 20(), which, with the chart of switch operations, 
is self-explanatory. 

The dual operation considerably complicates the wiring for the control 
and motor circuits. With similar locomotives, equipped for alternating- 
current operation only, nine running points arc obtained with the use of 
16 contactors, the number of tappings and the method of transit ion* being 
tlio same as above. The control equipment of these locomotives, however, 
is 3*65 tons lighter than that of the above locomotives.* 

♦ For clotaiWl woi^^hts of Mu control cquifiin uits in the two locoinotivcH, seo 
a paper on “Trunk Lin* Kl^'ctrification,” by Mr. W. S. Murray {Tnuisartions of 
the American Irint if ute of Electrical En'jlncerft^ vol. Ill), j). 14.‘JI). 
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THE CONTllOL OF THREE-PHASE RAILWAY MOTORS 


General. Tho methods of obtaining a range of speeds from polyphase 
railway motors are: (1) rheostatic control, (2) control by changing the 
number of poles, (3) cascade control, (4) combined cascade and pole- 
changing control. 

The multi-speed methods of control (viz. the polo-changing and cascade 
combinations) can be considered as the adaptation (and extension) of 
series-parallel control to polyphase motors. Thus the simple rheostatic 
and the two-speed changeable-pole, or cascade, control of two three- 
phase motors coiTCspond, respectively, to tho rheostatic and serios- 
])arallol control of two direct-current motors. The diagrams given in 
Eig. 107 (p. 168), showing the losses in tho starting rheostats for rheostatic 
and series-parallel control also represent approximately the relative losses 
in the rheostats for tho alternating-current eases, since, with changcablc- 
pole motors, the losses in the rotor circuit, corresponding to a given 
starting torque, are inversc^ly proportional to tho number of polos. Four- 
speed changeable- pole control, however, will show greater economy in 
starting than the double series-parallel vsystem in direct-current equip- 
ments, as in the former case four speeds arc possible (which are usually 
in the ratio of either 1 : 1*5 : 2 : 3, or 1 : 1*33 : 2 : 2*66), while in tho latter 
ease only three speeds (in tho ratio of 1 : 2 : 4, or 1 : 2 : 3) can be obtained. 


Rheostatic control. Tins is tho simplest but least efficient of the 
methods of regulating the specsd of polyphase motors. Only one economical 
running speed is obtained, and approximately one-lialf of tho energy 
supplied to the motors during the accelerating period is wasted in the 
rheoi^ats. Owing to these features, tho applications of simple rheostatic 
control are limited to those light locomotives and motor-coaches for 
which a single economical speed is sufficient and energy consumption is 
not of importance. 

As, however, rheostatic control usually has to be employed in con- 
junction with the cascade and pole-changing methods, the starting 
rheostat forms an important part of three-phase control equipment. 

Tho choice of rheostat and the grading of the resistance sections 
involve both general and special consideration, the former being similar 
to those discussed on pp. 255, 262, and tho latter being concerned with 
the speed-torque characteristics of the polyphase motor when external 
resistance is connected in tho rotor circuit. 

The gcnieral relationship betAveen the tonpie and slip of a polyphase 
motor (operating at constant voltage and frequency) is given by the 
liquation 


Kslt K f ItlsX \ 
• X\l-\-(Iil8X)y 


(20a) 


whore ^ is the torque, K a constant, s the slip, E the total resistance 
per phase of the rotor circuit (i.e. tlie normal resistance, per phase, of 
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the rotor witicling the exU^rnal rosistaricc), X the total roactanco per 
phase of the rotor circuit at standstill (.s — 1) — i.o. X is equal to the 
normal reactance j)er phase of the rotor winding at standstill together 
with any additional react anwi that may be introduced by the external 
resistance and th(j connecting cables. 

'I"h(^ general interpretation of this equation is shown graphicallyo in 
Fig. 207, in which an^ giv(‘n slip-torque curves for various values of the 
ratio UjX. ()l)s(‘rve that for each value below unity of this ratio there 



Fxcj. 207. — Torquo-slip Curves for Polypluise 
Induction Motor. 


is a particular sli]) at which the torque is maximum (this slip being given 
simply by the ratio RjX*), and that the maximum torqutj has the sanu* 
value throughout. 

The starting torqm^ is given by 

_ K( HjX \ 

+(liTXfj 

and is, therefore, a maximum when R — X. Observe that the starting 
torque corresponding to a given value? of R/X is inversely proportional 
to X — the reactance of the rotor circuit. Hence any additional reactance 
that may be introduced into the rotor circuit by the? insertion of external 

* Thus if equal ion (20a) is differentiated with respect to and the first difforontial 
coefficient is equated to zero, we liavo « 

dJ d ( KaR KR(R^ f a^X^) - KaR(2aX^) 

da ' da \R^^ \- a-X^y ' {R^ j- ' V" 

whence R^ + ^^X^ 2a^X^ 

i.o. R - aX 

Thus tlie torque is a maxirnuin at tho slip for wliich tlio reactance (aX) is equal 
to the resistance. 
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roHistaiice advers(‘ly affects tlie iiiaxinmm torqut^. M(m‘over, this addi- 
tional r(?actanci? requires an increase in tlie (‘xternal resistance to obtain 
a given torque at starting. 

Therefore^, when external resistance has to be inserted in the rotor 
circuit for the i)urpose of regulating the speed, it is important that no 
additional reactance be introduced into the circuit. This matter is of 
(*s])(»cial importance when the cascade connection is employed, as reac- 
tance in the secondary motor circuit adversely affects the power factor 
of the primary motor. 

Of the two types of rheostat available — viz. metallic (or grid) and 
li(iuid — the liquid type, on account of its non-inductiveness, is preferable 
to the metallic type for the control of polyphase railway motors, especially 
when cascade working is to be adopted. Moreover, with a liquid rheostat 
the resistance can be cut out in such a manner that a uniform torque is 
obtained throughout the whole period of rheostatic acceleration. Against 
these advantages there are the following disadvantages: for a given 
equi])mejit a liquid rheostat is heavier than a metallic rheostat ; pro- 
vision has to be niad(} for cooling and circulating the Ikjuid, or electrolyte, 
and for replacing loss due to evaporation ; the electrodes require renewal 
}j(^riodically. 

As dev(‘loped for locomotive scTvice, the liquid rheostat is automatic 
in its action, and is cajjabU? of dissipating a considerable amount of 
energy without overlieating, while the controlling and regulating apparatus 
can readily be adapted for multiple-unit operation. The furtluu* considera- 
tion of thes(i features, howT>v(^r, must be deferred until the gc^ncTal methods 
of control have been discussed. 

Control by changing the number of poles. This method of control is 
the simjjlest of the multi-speed methods, and enables two, thn^e, or four 
running speeds to be obtained from a single motor, or a groiq) of motors 
connected in parallel. The three- and four-speed combinations, however, 
ar(^ oifly [)racticable if each motor has a squirrel-cage rotor. 

With two-speed machines having slip-ring rotors the regulation of the 
torque and spc(‘d during starting and acceleration is effected by rheostatic 
control. Jf grid rheostats w ere adopted a different grading of the resistance 
sections would be necessary for etich set of poles, Jind if multiple-unit 
operation w^cre not n^quired, the provision of duplicate rheostats w^ould 
form the sinqdest solution. 

With motors having squiiTcl-cage rotors the control of the torque 
during starting is effected by variation of the applied voltage, for which 
purpose auto-transformers with multiple tappings are suitable. The 
tappings may be succ(\ssively connected to the stator winding by means 
of cither a drum type controller or a group of contactors, the latter method 
being suitable when multiple-unit operation is required. In order to 
avoid short-circuiting the sections of the transformer winding, the 
transition from one tapping to the next is made through either a pre- 
ventive coil or a resistance. Fig. 208 gives the connections and develop- 
ment of a drlim-type controller in which a choking coil is inserted between 
adjacent tappings during transition. 

Since the low^est voltage required from the transformers is of the 
order of one-third the line voltage, an auto-transformer possesses several 
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advantages (jvor a transformer with separate windings. On three-phase 
circuits, two auto- transformers, connected in “ V ” (open-delta), can be 
used — instead of three transformers connected in star or delta — without 
unbalancing the system. Moreover, the V-connected auto-transformers 
only require two controllers (or groups of contactors) for each motor 
(or group of motors) supplied from the transformer. 

Starts operations for changeable-pole motors. A four-speed equip- 
ment will be considered. The motors hav(i two pole-changing stator 

windings (to give 16/8 and 
12/6 poles) and squirrel- 
cage rotors. The control of 
the torque during starting is 
effected by variation of the 
applied voltage. 

The sequence of the con- 
trol operations, in aecelerat 
ing from stand still to full 
speed, is as follows — 

(1) Th(5 reverser is set 
for the required direction of 
motion, and both pole- 
changing switches arc closed 
to give tht5 full number of 
]M)les for each winding. 

(2) The motors are started 
on the lowest voltage? of the 
auto-transformers, and the 
v^oltage is raised until the 
motors are operating vv^ith 
full voltage ; the pole- 
changing switch for l^he 16- 
pole winding is then opeiUKl, 
thereby allowing the spetxl 
to rise to approximatidy 
the synchronous speed cor- 
responding to 12 poles. 

(3) N(;xt, the voltage is 
reduced, the 8- pole winding 

is connect<?d in parallel with th(^ 12-poie winding, and tluj voltage incrt^asi^tl 
again, when the 12-pole winding is opened. 

(4) The voltage is again reduced, the 6-pole winding is connected in 
parallel with the 8-pole winding, the voltage is raised to normal, and the 
8-pole winding is opened, thereby allowing full speed to be reached. 

Cascade control. Th(} cascade system of control requires two motors, 
which, for railway purposes, must have slip-ring rotors. At starting, and 
for low speeds, the secondary motor is supplied from the rotor of the 
primary motor, while, for higher speeds, both motors are' operated in 
parallel. Hence two economical speeds are obtained. But when cascade 
control is used in conjunction with poh?-changing windings three and 
four ec()nomical speeds are possible. For example, if each motor has a 



Fio. 208.— Connections and JJevelopinent 
of Coni roller for Starting Induction Motor 
with Squirrcl-cago Rotor. 
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pole-changing winding, giving two sets of poles in the ratio of either 2 : 3 or 
3 : 4, three speeds (in the ratio of either 1 : 1 -33 : 2 or 1 ; 1 *5 : 2) can be obtained 
by means of pole-changing control, together with cascade control in con- 
junction with one set of poles ; or four speeds can be obtained by means 
of pole-changing control together with cascade control in conjunction 
Witl\ both sets of poles. 

Two-speed cascade control. The motors arc operated in cascade for 
the low^er speed and in parallel for the higher speed. For parallel operation 
each motor must have the same ratio of transformation — since the rotors 
are connected in parallel as well as the stators — but for cascade operati(Jn 
the ratio of transformation of the secondary motor must be unity if the 



Fj(J. 200. Connect ions and Development of Kc-groujnn^ iSwiteh for 
12-pole Motor. (//, //, switch positions for low tiiid liif?)i 
voltages, resjiertively.) 

same starting rheostat is to be used for ])oth [)arallel and cascade 
operation. 

With high-voltage motors the ratio of transformation is greater than 
unity. Hence if both motors are designed for the same ratio of trans- 
formation, cascade operation will necessitate re-grouping the statoi 
winding of the secondary motor for a 1: I ratio of transformation. In 
cases whore this is impracticable, the “ inverted ” cascade connection 
must be employed and the rheostat (which must bo of the metallic type) 
must be re-grouped for cascade operation. The inverted cascade connec- 
tion is formed by inverting the connections of the secondary motor 
(i.e. the rotor of this motor is connected to the rotor of the primary 
motor and the stator is connected to the starting rheostat. 

The switch for re-grouping the stator winding is usually of the drum 
type and is mounted on the frame of the motor. Fig. 209 gives the con- 
nections and development of a suitable switch for re-grouping the windings 
of a 12-pole motor. Each phase of the stator winding consists of six 
groups of coils — one group per pair of poliis. For cascade working these 
coils are connected in three parallel sets (each set comprising two groups 
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of coils in series) and the phases connected in delta ; while for parall^^l 
operation the coils are connected in series and the phases connected 
in star. 

The change of connections from cascade to parallcsl, and vi(*.o versa, 
is effected by a change-over switch, which is usually of the drum type. 
This switch anti the re-grouping switch are operated pneumatically. , 

Kg. 210 gives the cojinections and development of a drum-type 
change-over switch for two-speed cascade -parallel control. 

The control operations during starting and accelerating froni stand- 
still to full speed are — 

(1) Set reverser for the desired direction of motion. 

(2) Set change-over and re-grouping switclu^s on secondary motor 

vj or 

!l 

si 

Fie. 210. Connoctioii.s and Dovolopinont of Cliango-ovrr 
Switc’li for Two-speod Cascade -parallel Control. 

for cascade operation ; connect stator winding of jiriiuary motor to 
sufiply. 

(3) Cut out resistance until the rheostat is sliort-circiiitcd. 

Combined cascade and pole-changing control. In this method the 
primary and secondary motors are ('ach wound for the same nurnlxu’ of 
poles, but the windings an^ so arranged that the number of poles can be 
changed. If the poles are changed in the ratio of 2 : 1, the speeds obtain- 
able will he in the ratio of 1 : 2 : 3 : 4. This variation of spewed is too great 
for general railway service, and a maximum variation of 1 : 3 is generally 
sufficient for all conditions of passenger service. * 

Hence it will be necessary to change the poles in the ratio of cither 
1-33 : 1 (i.e. S ; 6) or 1*5 : 1 (e.g. 12: 8), ho that the four s])e(xls obtainable 
are in the ratio of 1 : 1*33 : 2 : 2-66, or 1 : 1-5 : 2 : 3 n^sj^ectively. 
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111 Chapter VI wo doscribcKl two pole-changing windings to give 8 
and 6 poles. The simpler winding (Fig. 78) requires a three-phase supply 
when connected to giv^e 8 poles and a two-phase supply when connected 
to give 6 poles. The other winding (Fig. 77) operates throughout with 
three-phase current. In both cas(5s the provision for cascade and parallel 
operation with both sets of ])oles involvtjs complication in the control 
apparatus. 

Considering first the winding which operates throughout with three- 
phase current, cascade optiration will involve either the re-grouping of 
the stator winding of the secondary motor for a ratio of transformation 
of unity, or the us(i of the inverted cascade connection and the re-grouping 
of till? sections of the (metallic) rheostat. With high-voltage motors the 



Fkj. 211. Connections of Ulioostai Electrodes to Slip-rings for 
Thrc<‘-[)liaso and Two-])liaso Oix^ration with Kotor Winding 
of Fig. 80. 

invertt;(l cascade connection necessitates the insulating of the rheostats 
to withstand the lin<3 voltage. 

With the alternative pole-changing winding — operating with three- 
phase current for 8 poles and two-phase cui’i*ent for 6 pohis — cascade 
operation will involve a suitable three-phase/two- (or four-) phase rotor 
winding and a suitable rheostat. A single rotor winding to meet the 
requirements is described in Chapter VT, and a liquid rheostat solves 
satisfactorily the rheostat problem. The seven slip rings (Fig. 81) arc 
connected to the electrodes of the liquid rheostat in the manner shown 
in Fig. 211. 

The rheostat must be suitable for either the three-phase or the two- 
phase rotor circuits. A reference to Fig. 81 will show that when the 
motor is operating with three-phase current (i.e. 8 poles), there will be 
no potential difference between the two- (or four-) phase slip-rings — 
sine* these are connected to the four neutral points of the winding — 
while, with two-phase operation (i.e. 6 poles), all the three-phase slip- 
rings will be at the same potential. 

The two-phase current for supplying the stators of the motors may 
be obtained from the three-phase supply by means of two auto-trans- 
formers, connected according to the Scott (or T ”) system, as indicated 
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in Fig. 212). With this method of connection transformers of relatively 
small capacity are necessary, since the largest portion of the input to 
the motor is supplied directly from the supply lines. A reference to 
(Chapter VE (p. 136) will show that, if the stator winding is star-connected 
for thrt^e-phasc working, and the full line voltage is used for two-phase 
operation, the flux in the latter case is about 34 per cent greater ^han 
that in the former casc^. The normal flux, however, can readily be 
obtained by means of tappings on the auto-transformers. 

lleverting to the circuit diagram of Fig. 212, phase 1 of the motor 
is. connected across the lines BC, or, if nf)rmal flux is required in the 
motor, to tap[)ings EF (giving 75 per cent of the linc^ voltage) on the 



Fig. 212. — (Jonnectioiirf of Throo-phasi'/Tvvo-phnsci 
Anto-traii.sforinc‘rM. 


auto-transformer ; while phase II is supplied through auto-trans- 
former ^ 2 , which is connected to the lino A and to the centre point of 
transformer T^. 

To obtain equal voltages on each phase of the motor, each trans- 
fornu.T must have the sarm? number of turns. The turns on transformer 
between the tapping (J) — ^to which the centre of transformer I\ is 
connected — and the end (D) of the winding must be 0-866 (= ^\/3) of 
the turns on transformer while the turns between tapping O and the 
end jD must bo 0-75 of the turns on transformer ]\ (i.e. the same as the 
turns between tappings E and F), 

Examples of combined cascade pole-changing control. The four-speed 
cascade pole-changing methods of control have been applied by the 
Societal Italiana Westinghouso and the Tecnomasio Italiano Brown- 
Bovori to large express passenger locomotives in service on the Italian 
State Railways. For the low-frequency sections of the railway system 
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the locomotives are equipped with two 1390 h.p. motors which are 
wound for the full line voltage (3300 volts). 

The Brown-Boveri equipments operate with three-phase current 
throughout, the inverted cascade connection being employed for cascade 
operation. 

The rheostats are arranged in throe groups — one group for each 
phase — ^which are insulated from one another and connected to the 
change-over switch. Each group is divided into eight sections, the 
resistances of corresponding sections being the same for each phase. 
The sections are cut in and out of circuit by moans of a group of 30 
contactors which are actuated by a cam-shaft-, the latter being chain- 
driven from a three -cylinder pneumatic engine. The earn -shaft has 
11 operating positions (or notches) in addition to an “off” position.* 
On the first six notches the rheostat sections ai*e cut out simultaneously 
from each grouji, and the phases are balanced ; but on the remaining 
notches the sections an) cut out successively, and, in consequence, an 
unbalancing of the phases occurs on some of thes(*. notches. 

The four positions of the change-over switch give the following 
combinations of motors and rheostats — 

(1 ) Lowest speed- -8 poles ^ cascade. Rotor of primary motor conmud-ed 
to rotor of secondary motor ; stator of secondary motor (grouped in 
deltaf) connected to rheostats (grouped in star). 

(2) Lower iniermediaie speed — G poleSy cmcade. Rotor of ]>rimary 
motor connected to rotor of secondary motor ; stator of s(HH)ii(lary 
motor (grouped in star) connected to rheostats (grouped in star). 

(3) Higher intermediate speed, 8 poles, parallel. Stator of s(M5ondary 
motor (grou})ed in star) connected to lino ; rotors of both motors 
paralleJcKl and connected to rheostats (grouped in d(dta). 

(4) Highest speed — iS poles, parallel. 1Mie combinations betwecMi motors 
and rheostats are the same as for position (3). 

The stator polo-changing switches, change-ov(T switch, rheostat 
re-gijiiping switch, and rheostat contactors are oil immersid, and are 
( )[)erated pneumatically . 

The Italian-Westinghouse ('quipments employ the tliree-phase /two- 
phase method of jiole-changing and automatic liquid rheostats. The^ 
change-over, polo -changing, ami re-grouping switches are of the drum 
ty])e ; they are mounted on the tf)p of the motors (see l^ig. 85) and are 
operated elcctro-pneumat ically . 

The four ])ositions of the change-over switch give the following 
combinati ons — 

(1) Lowest speed— S poles, cascade. Three-phase slip-rings of primary 
motor connected to re-grouping switch of secondary motor ; three-phase 
slip-rings of secondary motor connected to rheostat. 

(2) Lower intermediate speed — 8 poles, parallel. Stator winding of 
secondary motor connected in parallel with stator winding of primary 
meftor ; three-phase slip-rings of primary motor connected in paralhd 
with those of secondary motor. 

* The first oiDorating position is arranged to close the oil switch controlling 
fho stator circuits. 

t The delta and star combinations of the stator winding of the secondary motors 
aro made by a separate switch. 
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(3) Higher interruediate speed — 6 poleSj cascade. Two-phaso .slip-rings 
of primary motor connected to rcsgrouping switch of secondary motor ; 
two-phase slip-rings of secondary motor connected to rheostat. 

(4) Highest speed — G poles, parallel. Stator winding of secondary 
motor connected in parallel with stator winding of primary motor ; two- 
phase slip-rings of primary motor connected in parallel with those of 
secondary motor. 

Operation of three-phase motors on single-phase systems. In (Chapter [ 
mention was made of a combined single-phase and three-phase system — 
knl)wn as the split-phase system — ^in which three-phase motors arc 
su[)plied from a single-phase distributing system by means of a trans- 
former and 2 )hase-converter carried on the locomotive or vehicle. 'J'his 
system enables largo locomotives to bo eqaip^xxi for lieavy regenerative 
braking and to operate from a single-i^hasc system. 

The phase-converter is virtually a two-i^hase motor operated cither 
without mechanical load or with a light direct-connected load, such as a 
blower (*r exciter ; it may bo of either the induction typl^ with squirrel- 
cage rotor, or the synchronous type with revolving field excited with 
direct current. The synchronous type possesses the imi)ortant advan- 
tage that the power-factor can be controlled — in the same manner 
as that of a synchronous motor — ^and, in consequence, the system can 
be operated at unity i)ower-factor. With each ty 2 )o the machine must 
be brought up to ap^^roximately synchronous speed — by means of an 
auxiliary motor — ^Ixdore being connected to the su])ply system. Wh(m 
connected to the supply system the converter will operate as a single- 
phase induction (or synclironous) motor and a 2 >has(^ transformer ; the 
(‘nergy su 2 )plied to the pha.se, or winding, which is connected to tht^ 
supply system being equal to the energy transformed in the other phasic 
plus the energy required to supply the losses. 

The general principle of the phase-converter is that if omj phase of a 
])olyphase induction motor is supidied with single-2)haso current After 
the rotor has been brought up to normal S23eed the magnetic reactions 
will 23roduce a rotating field, which will induce E.M.Fs. in the other 
2 iortions of the stator winding of the same 2 >haso relations as if tlu)so 
windings had been supplied with polyphase current. Thus, with a two- 
23hase stator winding, if one phase is supplied with singlc-23hase current 
after the rotor has been run up (by a .separate starting motor) to normal 
speed, the E.M.E. induced in the open phase of the winding has a phase 
difference of 90° with respect to the E.M.F. inrluced in the phase 
connected to the supply. 

The maniKT in wliich a tiiree- 2 >hase motor is su2>23lied from a single- 
phase supply system by means of a two-phase convertor is shown diagram- 
matically in Eig. 213. The main transformer is shown at T, and the 
centre point of the secondary winding ((7) is connected to onci of tluj 
stator windings (D) of the phase converter, the other end of this winding 
being connected t(3 one of the terminals {F) of the thrce-23hase motor. 
The other terminals {O, H) of this motor are connected to the^ terminals 
{A,B) of the s(^condary winding of the transforrntT, to which terminals 
are also connected tlie second stator winding {E) of the 2 )haso-converter. 
Now, w^hen the phase-converter is in operation, there is induced in the 
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winding D an E.M.F. which has a phase-difference of 90° from the 
E.M.F. at the terminals A, B oi the transformer. Hence, by arranging 
that the E.M.F. induced in phase Z> shall be 0-86() (= ^ y/ 3) of the 
E.M.F. across Aj B, we have — by conncicting D to the centre point (6^) 
of the transformer — ^the same conditions as tjxist in the standard metho(l 
of three-phase? to two-phase transformation. Therefore three-phase 
current may be obtained from the? terminals A, B, F. 

As actually constructed the phase-conv^erter is more complicate?el than 
we have indicated abe)vo, since features must bo incorporated into its 
design fe^r annulling the inductive effects due to the load euiTont ; wliile, 
to maintain balanced three-phase voltage\s under load, the tapping (6*) 
on^the transformer must be shifted from the 
ceptre peunt of the winding. 

The control of three-phase motors supplied 
from a phase-converter is i<l(?ntical with that 
of similar motors supplied from a tliree-phase 
system, the method adopted in a giv(?n case 
d(?pending on the number of spc?eds rerpured. 

Since a transformf?r forms an essential ])art 
of the split-phast? systiiin the op(?rating voltage? 
of the motors may be selected at any con- 
venient value, which for motors of medium 
output (500 h.p.) may be from 700 to 1000 
volts. This voltage is (joiivenicnt for the (?on> 
trol a]>i)aratus, as standard contactors may 
be used for breaking the circuits, and drum- 
type controllers may be used for the pole- 
changing swit(;hes. IVforeover, th(? motors may 
be designed for a 1 : 1 ratio of transformation 
so that r(?-gr()Uf)ing switches are not requir(?d 
for cascade control. 

The additional control a])paratus required 
in conjunction with th(? phase-converter com- 
])ris(*s; (I) a ‘‘ tap-changer,’’ for effecting the changes in the tappings of 
tlu? main transformer —so as to maintain balanced three-phase voltages at 
various lojuls ; (2) switch-gear for starting the phase-couv(?rter. 

The “ tap-(!hang(*r ’’ may consist of a group of contactors and a 
previ?ntive coil, this apparatus being essentially of the same nature as 
that used for the voltage control of singlc-phas"? motors, and any of the 
closed-circuit transition methods discussed in (yha]>t(‘r IX (pp. 2()6-27l) 
can be adopted. 

The switeh-g('ar for starting the phase-converter will de])t?nd on the 
type of converter and the methcxl of starting. With both (synchronous 
and induction) types the starting motor is usually of the single-phase 
series typo. At starting, this motor is connected in series with the 
* running ” phas(? of the converter, and the combination is connected to 
a section of the transformer winding, a single contactor being used for 
this purpose. As the set approaches synchronous speed the converter is 
connected directly to the transformer and the motor is cut out. These 
op(?rations can be arranged to take place autt)matically. 

In the case of a synchronous phase-converter a shunt winding may 
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bo added to the starting motor so that the latter may bo converted into 
an exciter. The shunt winding, however, must be separately excited. 
During starting this winding must bo broken up into sections in order 
to avoid a high voltage being induced in the shunt circuit by the alter- 
nating flux. The set is started in the above manner, the field winding of 
the converter being short-circuited while the set is running up to speed. 
When the converter reaches approximately synchronous speed the starting 
motor is cut out and the field is excited, thus enabling the converter to 
pull into synchronism. These operations are performed automatically 
by a change-over switch, which is operated eloctro-pncumatically, the 
sequence of operations being as follows: (1) starling motor cut out, 

(2) armature circuit of starting motor (or exciter) connected to field 
circuit of converter and the short-circuit acToss the latter removed, 

(3) shunt field winding of exciter connected to source of excitation. 


Typical Control Apparatus for Multi-speed Methods 
OF Control 

Control ap})aratus for multi-speecL three-phase equipments has b(M>n 
developed almost exclusively for use on electric locomotives. Notwith- 
standing the apparent complexity of the combinations to be (.‘ffected 
by this api)aratus in some of the multi-speed methods of control (e.g. the 
two-speed and four-speed cascade -parallel methods), the control equip- 
ment is characterized by its general simplicity and the small number of 
parts. 

This sim])lifieation is obtained by the adoption of high-voltage motors 
and automatic liquid rheostats, together with the use of comim^ssed air 
for ]i(Tforming the principal 0 ])erations of the control apparatus. 

ilierefore no switclu's arc required to break h(\avy curnmts, and by 
confining the interruption of tlui main primary circuits to the reveu’ser, 
the pole-charging, change-over, and r(‘-grou})ing switcli(\s have to be 
desigiK'd with n^ferenee to cummt -carrying capacity and insulation ordy. 
Consequently these latter switches may be of the controller or drum 
type,* Avhich type of switch, for high-voltag(j equipments, hcas obvious 
advantages over a number of separate contactors. 

Automatic liquid rheostat. The most interesting portion of the control 
equipment is the automatic liquid rheostat. The liquid rheostat was 
first applied to railway purposes (in about 1901) by (hinz & Co. in 
connection with the equipment of the Valtellina lino of the Italian State 
Railways. *1* The experience obtained on this line proved that a liquid 
rheostat possesses several advantages for the control of three-phase 
motors on the cascade system. Improvements have been introduced 
into later rheostats by Ganz & Co. and the Societa Italiana Westinghouse 
so that, at the present day, the liquid rheostat has a wide application 
for three-phase locomotives. t 

♦ With a lino voltage of 3000 volts, the full load ourront of a lOOO-h^p. three- 
phase railway motor is approximately 100 amperes. This current can bo carried 
continuously by a controller finger and s<»gmont 1 J in. wide. 

t See The Electrician^ vol. 51, p. 19, for a description of the original equipment 
on this line. 
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Tho general leatores of liquid rheostats for throc-phaso railway 
motors are — 

A number of electrodes, of iron plate, are suspended in the upper part 
of a tank into which a solution of carbonate of soda can be admitted 
from a storage tank (at a lower level) by means of compressed air, which 
is supplied to tho latter tank through suitable valves. The rate at which 
tne liquid rises between tho electrodes (and therefore tho rate at which 
tho resistance is cut out) is governed by tho air pressure in tho storage 
tank, which pressure is regulated by a valve or combination of 
valves operated by tho motor current. When the liquid has risen to a 
certain height, the electrodes are automatically short-circuited by a 
special switcli. In the more recent rheostats, provision is mailo for an 
efficient circulation and cooling of the liquid in order to reducb evapora- 
tion. liht^os^ats of this type have been standardized for locomotive 
equipments on tJio Italian States Railways, and have recently been 
{ulo])ted by the Westinghouse Co. for controlling the three-phase motors 
on the Norfolk and Western split-phase locomotives, notwithstanding 
that tho grid type of rheostat is tho accepted standard for all railway 
and industrial purposc^s in Anuirie^. 

The latest type of rheostat constructed by tho Society Italiana Westing- 
house for thc! express passengfu* locomotives (type F.S. 330, class 2-G-2) 
of the Italian State Railways is illustrated in Fig. 214. 

Thc upj)er portion of the corrugated tank A contains tho electrodes 
(the tc^rminals of which are visible in the illustration), while the lower 
portion of tho tank forms the reservoir for a solution of sodium carbonate.* 
This portion of the tank communicates, by means of thc pipe B, with 
tho pneumatic head- piece 0, which contains the valves for controlling 
the supply of com])ressed air to the pipe B and tho reservoir. Tho valves 
performing this function are two in number, one for admission and one 
for exhaust, and are of tho pneumatic-relay type. They are controlled 
by means of electrically-operated pilot valvi^s, which are energized from 
automatic regulator, to be referred to later. These pilot valves, of 
which two arc visible in Fig. 214, are of the standard Westinghouse type. 

When the liquid rises in the electrode chamber to a predetermined 
height, the electrodes are automatically short-circuited by the switch D, 
This switch is operated by compresse(l air, and the valve controlling it 
is actuated by a float in tho electrode chamber. At tho same time as 
the electrodes are short-circuited, two other switches are operated. 
One of these switches controls a signal lamp in tho flriving compartment 
of the locomotive — thereby indicating to the driver that the rheostat is 
short-circuited — while tho other switch o|X3ns the circuit of the motor 
driving the circulating pump. 

When tho rheostat is in operation, a centrifugal pump — located in 
the reservoir— maintains an efficient circulation of the liquid between 
tho reservoir and tho electrode-chamber, thereby preventing local heating 
and evaporation of tho liquid. Thc pump is driven by a three-phase 
induction motor E (with squirrcl-cago rotor), which is automatically 
controlled by a switch F, so that tho motor is only in operation while 
power is being absorbed in tho rheostat. 

♦ Tho rheostat illustrated in Fig. 214 is designed for controlling two 1300-h.p. 
motors. Tho reservoir contains 1550 lb. of duid. 
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Th(f automatic regulator (which is shown at 0 in Fig. 214) is designed 
to regulate the resistance of the rheostat for a constant ivatt-injmt to the 
motors* In construction, the regulator is similar to a small two-polo 
induction regulator ; tlu! stator consists of a laminated core, with a 
two-pole winding connected in series with the earthed j)hase of the 
motors ; the rotor consists of a double T-shai)ed laminatetl core, with a 
shunt winding excited from the transformer supplying the control 
circuits. 1’he torque between thc! stator and rotor is, approximately. 



Fjo. 2J4. Sofirta italiami Wostinglioiiso Auto/natif; Liquid 
IDieostat for 'riiroe-pliaso F]k*ctric Loroinotives. 


proportional to tho wal ts input to tlio motors, ami is balanced by a 
spring, thc tension of wliicdi can bo regulated by the driv(jr (from the 
mast(‘r controller) so as to predcdorminc the power input to the loco- 
motive. 

The motion of the rotor is restricted between two stops, adjacent to 
which arc contacts connected in scries with thc magnet coils of the 
pilot valves which control the admission of air to the reservoir tank. 

In starting, the driver applies a tension to the spring — by means of 
a handle on thc master controller — which rotates the rotor so as to 

♦ In t>ie rlieoslals supplied with the earlier (1909) freight locomotives (typo 
F.S. 050, class 0-10-0) the regulator was designed to regulate for constant current 
input. The present typo of regulator was developed so that the acceleration of 
locomotive should not be influenced by variations of the line voltage. 
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energize the pilot valve admitting air to the reservoir. The liquid then 
rises in the electrode chamber, thereby increasing the electrical iqput 
to the motors and, consequently, the torque between the stator and 
rotor of the regulator. When this torque just balances the tension of 
the spring, the rotor assunujs its neutral position and interrupts the 
circuit of the pilot valve. If the motor input increases, the torque of 
the rotor exceeds that of the spring, and the pilot valve exhausting the 
air from the reservoir is energized, thereby lowering the level of the 
liquid in the electrode chamber and ixiducing the motor input. 

In order to obtain a constant input to the motors when they aj*e 
connected in cascjide and also in parallel, the stator w'indirig of the 
regulator is wound in two sections, which are connected in s(»ries for the 



Fig, 215. Connections and Dovelojmienl of Volo-clianging 
Swiloli. 


cascade? connection of the motors and in j^arallel for tlie ])aralk?l connection 
of the motors, these gi'oupings being effected by means of lingers and 
segments on the change-over switch. 

Pole-changing switches. These are usually of the drum typ(^ and are 
operated pneumatically.* Hio switches are not intended for brt^aking 
the circuit, which operation is performed either by a d<Juble-pole oil switch 
combined with the pol(?-changing switch, or by the reverser (which, in 
this case, is designed for circuit breaking). The former method is adopted 
for four-speed changeablc-pok? equipments, as the two pole-changing 
windings ma}^ tlien be used eith(?r in 2 >arallel or singly. Separate pole- 
changing and circuit-breaking switches are used for each pole-changing 
winding. .Fig. 215 shows the connections and development of this type 
of combined pole-changing switch and circuit breaker for motors in which 
the poles are changed in the ratio of 2 : 1. 

Fig. 216 illustrates a Brown-Boveri oil-immersed switch for pole 
changing, according to the method shown in Fig. 77. 

This switch is designed for a 3300-volt circuit and is of the drum 

* For multiple -unit operation, the admission of air to the pneumatic cylinders 
would bo performed by electrically controlled pilot valves, similar to those adopted 
in the Westinghouse electro -pneumatic control system. 
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typo, tho contacts being oil-immersed. The 30 fingers are arranged in 
four groups, spaced 90° apart, and each group of fingers is carried on 
an insulated steel bar which is fixed to the end brackets carrying the 
bearings for the shaft. The segments (e) are clamped to four insulated 
steel bars, spaced 90° apart, tho ends of tho bars being supported by 
spiders fixed to the shaft. Tho latter is operated through gearing by 



Fig. 216. — Brown-Bo vori Oil-iitimorsed Polo -changing 
Switch. 

(a, uil tank (lowered); ft, screws for raising ainl lowering tank; 
c, pneumatic cylinders; rf, lingers; e, scgmi'iits) 

pneumatic cylinders (c), which also operate an interlocking dru mi located 
in the upper portion of tho frame. 

The special arrarigemont of the fingers and segments in four groups 
ri'sults in a comi)aot switch notwithstanding tho largo number of contacts, 
while the immersion of the latter in oil ensures adequate insulation. 

Re-grouping and change-over switches for cascade control. For 

two-speed cascade -parallel equipments, tho chtange-over switch may be 
combined Avith the rti -grouping switch when the latter is of the drum 
typo. H(^neo, with tho usual method of pneumatic operation, only one 
double-acting ])neumatic cyliiidor is required for (iffeeting tho cascade 
and parallel combinations of the motors and rheostat. 

Beversers. To reverse the direction of rotation of a three-phase motor, 
two of the line Aviros must bo interchanged Avith respect to tAvo terminals 
or phases of the stator Avinding. Since in all three-phase traction systems 
one phase of the supply and one terminal of each motor is permanently 
earthed, the reversal of direction of rotation involves simply tho inter- 
change of the connections between the trolley wires and tho corresponding 
terminals of the motor. 

In pole-changing equipments in which tho pole-changing SAvitch is 
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combined with a circuit breaker, the rovorser is of the drum type, and 
the arrangement of the fingers and segments is identical with that in a 
reverser for a direct-current equipment. 

With cascade and combined polo-changing-cascade equipments, the 
reverser usually fulfils the combined functions of a reversing and circuit- 
breaking switch. For low- voltage circuits contactors are usually employed, 
but for high-voltage circuits eithtir a double-pole, double-throw oil 
switch, or a special capstan-typo air-break switch must be employed. 
The capstan-type, air-break switch is used extensively on the 3000-volt 
lines of the Italian State liailways. 

Master controller. In multi-s|^od control equipmemts the master 
controller possesses several features of interest. In many cases the 
operation of the various switches is carried out entirely by means of 
compressed air, and the master controller then becomes a combination 
of valves. 

For multiple-unit operation the pneumatic cylinders of the various 
switches must bo controlled by electro-magnetic valves. The master 
controller must energize the magnets of these valves and also set the 
automatic I'cgulator of the rheostat lor the requircMl acceleration. These 
operations can be i^erfornuMl by tAvo handles, viz. one handle controlling 
the speed and the direction of motion, and another handle controlling 
the acceleration. 

On the other hand, with “ all-]3iuannatic,’’ non-multiple unit control 
equipments, three handles will be required, as the valvc^s controlling tlu^ 
pneumatic cylinders of the various switches must bo operattul directly 
from the control h^r. 

El(5ctro-pnoumatio controllers have been d(‘veloped by tlu^ Societa 
Italiana Westinghousc and the Westinghouse Co., while pneumatic con- 
trollers have b(ien developed by Ganz & Co.* and Brown, Boveri & Co. 

In the electro-pneumatic system the control circaiit is supplied with 
either single-phast^ current - at from 80 to 100 volts- -or direct current 
at a luw voltage (obtained from accumulators). Hence the master con- 
troller has to handle only small currents at low' voltage. 

* For description and illustral ions of Oaiiz pneumatic controllers, soo V Erlnirngr 
Elcctrique, vol. 43, p. 487. 
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RKtJICNERATlVK RRAKINC3 ! GENERAL CONSIDERATIONS 

Mechanical regenerative braking. The tmorgy output from the motors 
of an electric train, operating on a level track, is expended in (1) accelerat- 
ing the train, and (2) supplying the losses due to the resistances to motion. 
\yhcn the train is running at constant speed, the kinetic energy which it 
possesses is equal to the energy expended in acceleration. During coasting 
a ])ortion of this energy is utilized for propulsion. Hence, coasting may 
h(^ considered as a form of mechanical regenerative braking or recuperation 
of energy. GcJiierally, the groatt^r the ratio of the coasting period to the 
total running period the lower will be the energy consumption. But pro- 
long(Hl coasting will result in a low schedule speed, and, if the original 
schedule speed is to bo maintained, an increase in the acceleration will 
be necc'ssary, which will usually involves the use of larger motors, so that 
the saving in energy consumption •ra.ay be muitralizecl by the increased 
train weight and the additional cost of the equipments. With modern 
urban aiul suburban traffic conditions, the coasting period is from 20 per 
cent to 50 per cent of the total running period, and consequtuit ly a large 
percentage of the acceleration energy has to be wasted in the brakc^s. 

By suitably grading the track the kinetic energy of the train may 
also bo utilized in doing work against gravity. When the train is brought 
to rest it w'ill, therefore, y)ossess a (*ertain amount of potential energy which 
can be utilized during the*, dciscent of the train to the level. This form ()f 
mechanical regenerative braking is adopted on some of the London tube 
railways, the tracks being graded in the manner shown in Fig. 217.* 
As far as the conditions of construction will ])ormit, the station platforms 
arc arranged at th(^ saint? l(?vel. The tracks botwe(?n tlu^ stations are 
constructed with a I in GO (l-GG per cent) up gradient on the cvitering 
side ; a I in 30 (3*3 per cent) down gradient on the leaving side, and a 
level stretch between the gra(li(?nts.f The lengths of tin? gradients an? so 
arrang(?d that pow'cr is (;ut off from the motors w'^h(?n the train is on the 
level. Mechanical regenerative braking oc(;urs while? tin? train is ascending 
the 1 in GO gradient, and the final stage in the braking is performed by 
the application of the mechanical brakt?s as the train enters the station. 

Tn the cast? of the Central London Railway the gradients result in 
a recuperation of 14 watt hours per ton mik?, which corresponds to about 
one- third of the (?nergy consumption of a seven-car train operating at 
a schedule speed of 14 ml.p.h.J 

The total economy, however, is not simply rc?presented by the 

♦ Regonorativo I>raking -whotliar mefhanieal (by moans of gradionls) or elon- 
trioal— is an important fcainro in Uilx^ railways, where diLst should bo specially 
avoided. In tho London tubt*, railways, tlie brake -l>lock wear is reduood b;^ moro 
than 60 per cent by the adoption of a graded tracjk in contrast to a level track. 

f Tho reason for tho differonco in tho vp and down gradients is, tluit a gradient of 
1 in 30 against a train would bo very disadvantageous in tlie casf> of a signal stop. 

t These values were obtained in 1903 witli tlio original motor-coach trains 
weighing 120 tons, tho average energy consumption of which was found to bo 
43 watt hours per ton milo when running tho service at a schedule speed of 14 ml.p.h. 
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decreasod energy consumption of the train, because the service can bo 
run with smaller equipmciiits than a similar service^ on a level track. 
Economies will, therefore, bo effected in the interest and depreciation 
charges on the equipments and th(^ rolling stock. Moreover, the improve- 
ment in the load-factor at the power house, due to the lower peak load, 
^^nables the generating plant to bc^ operated at a high average efticiency, 
which is conducive? to low generating costs. 

But these economics will be saerific(?d if the service is run in any 
other than the pre(U*.termined manner for which the griidcHl sections of 
the track is designed. Hence if an increase in schedule s])e('d becoi^es 
necessary, owing to traffic requirements, a higher acceleration, together 
with a high(?r maximum speed, must be (?mployed, which, in gen(?ral, 
will entail alterations in the train equipments. 

Electric regenerative braking possibilities on level track. Although 
graded track construction is quite practicaf)lc for tube railways, it is 


Stjitton Level 6tat:on 



scarcely pracjticjable, f(3r surfa(?e railways. Hcuice, if r(‘ductions arc to lx? 
(effected in tin? em^rgy consum])tion of lev(‘l-track surfae.e lines by means 
of regcnerat i V (? braking, the electrical e((uipmeiit must be utilized for 
this purpose^ the motors being operated as geiuTators during the period 
of rc^^ardation, and the power g(?nerated being nduriual to the supjily 
system. 

The energy which it is possible to recuperate undi?r these conditions 
will d(?pend upon (1) the train speeds at which regt?ni'rativ(? braking 
commciict^s and (X'ases, (2) the (dlicicmey of th(? el(?ctri(;al equipment and 
lino conductors to the point of utilization of the recuperated energy, 
(3) the train n^sistancc. The train spetxl at which n'generativo braking 
ceases will depend upon a number of factors connect(*d w'ith the motor 
equipment and the system of control, but, in general, the lowest speed 
at which regenercative braking is practicable for a given combination of 
motors will b(j slightly higher than the speed (for this motor combination) 
at the end of the rhcostatic-accclerating period. With seri(?s-parallel 
control and motor equipments suitable for suburban service the lowest 
speed at which regenerative braking would bo practicable is of the 
order of 10 miles per hour. Hence if average values are assumed for 
train resistance, (dhciency of electrical equipment, and the ratio (effective 
train w^cight /actual train weight), w'c can, by the application of the 
principles givtm in Chapter III, derive curves similar to those of Fig. 218, 
showing the relationship between the recuperated energy and the speed 
at which regenerative braking commences. 
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In deriving the curves of Fig. 218 we liave assumed a constant train 
resistance of 14 lb. per ton, an olTective train weight 10 pei; cent greater 
than the dead weight, an average eflicicncy during regeneration of 80 per 
cent, and a uniform retardation of 1 ml.p.h.p.s. during regeneration. The 
method of calculation is as follows — 

The kinetic, or stored, energy at a train speed of F ml.p.h. is equal to 
0 0283F® X 1-1, or 0-031 F^ watt hours per ton of train weight. f 

The energy expended against train resistance is equal to 2 X 14 X 



Fia. 218. — Energy Recoverable by Rcgcncrnlive 
Rraking on l^vcl Koiitea. 


= 2SD' watt hours per ton of train weight, wlierc; D' is the distance (in miles) 
run during r(3Cuperation (i.e. between the speed V and 10 inl.p.li.). 

I Notio. D' — - 10)V«1000^r, where pj. is tlie retardation (in ml.pji.l).s.) 

during regenerative braking.] 

Hence the energy available for recuperation is equal t-o 
0-031(F2- 102)- 14(F- 10)73000//^ 

watt hours per ton of train weight, and the energy returned to the supply 
system is equal to 

0-8[0 031(F2 - 10®) - 0-0039(F - lO)-*///,.] 
watt hours per ton of train weight. 

For example, if regenerative braking commenced at a speed of 30 ml.p.h. 
(which would be quite i)racticable in suburban service) the recuperated 
energy would bo 

0-8L0 031(302- 102) -0*0039 ^ 20®] = 19-8 
watt hours per ton of train weight. Hence with a service having 0*75 stops 
per mile (for which the specific energy consumi)tion without regenerative 
braking may be of the order of 70 watt hours per ton mile) the approximate 
energy consumption may be 70 - 19-8 X 0-75 = 55 watt hours per ton mile. 
Thus in this case the saving of energj due to regenerative bra}:ing is 21*4 
per cent. 

Disadvantages and advantages of regenerative braking on level routes. 

In practice a number of difficulties and disadvantages arc involved in 
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the application of regenerative braking to level routes. The clis^ vantages, 
in so far as direct-current equipments are concerned, are briefly — 

The motors are larger, heavier, and more costly than those for 
ordinary equipments, thereby resulting in morc costly mechanical 
parts (e.g. trucks), an increase in the weight of the train, and possibly 
fi/U increase in the number of motors. Additional equipment is neces- 
sary for the purpose of controlling and safeguarding the regenerative 
action of the motors and to obtain suitable regenerative characteristics. 
These features result in increased first cost of the trains, increased 
maintenance charges on the electrical equipment, and increased com- 
plication in the control and method of operation. Moreover, difficulties 
in the operation of the substations may occur should the rt^cuperated 
energy exceed the energy output from the substation. 

To offset the disadvantages there are the following advantages — 
lleduccd energy consumption ; reduced wear of brake shoes and 
wheel tyres ; lower maintenance costs for these items ; relatively 
small amount of brake dust produced when the mechanical brakes 
are applied. 

In the majority of cases, however, and especially with motor-coach 
train, the increased cost of the train equipments and the additional 
features necessary to obtain regenerative braking, combined with the 
increase in the maintenance costs of the electrical equipment, may 
entirely off-set the economies in the energy consumption and the other 
items. 

Practical results. It will be of interest to consider briefly what 
economies have actually boon obtained in practice with regenerative 
braking under suburban service conditions. A train, with direct-current 
multiple-unit equipment caiid arranged for regenerative braking, when 
testocl* under normal service conditions on the Paris Metropolitan Rail- 
way, showed an energy consumption 20 per cent lower than that of a 
standard equipnu^nt (the respective figures being 48 and GO watt hours 
per ton mik^) ; while, during braking, the energy returned to the supply 
system reached 30 j)or cent of the energy used in accckjration. 

The train was equipped with standard 175-h.p., 600-volt, traction 
motors, together with a booster-exciter set (for each pair of traction 
motors) and control apparatus. The booster-exciter set was used both 
during regenerative) braking and at starting. The weight of this set, 
together with the controlling apparatus, was 40701b., but, due to the 
elimination of starting rheostats, the net additional weight of the regonera- 
tivo equipment for a pair of motors was 3080 lb. 

Experienee with regenerative equipments on tramways has shown 
that on level routes the energy consumption is about 10 per cent lower 
than that of a standard (series motor) equipment, the operating con- 
ditions being similar in each case. With undulating routes the saving 
may be of the order of 20 per cent. 

Electrize regenerative possibilities on main-line and mountain railways. 

The operating conditions on main line railways having long gradients 
and on mountain railways are very favourable to electric regenerative 

♦ See Electric Railway Journal, vol. 43, p. 304. 
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brjiking* owing to (1) the rolativoly largo amount of energy available 
during the dcsccmt of the gradients, (2) the (jxclusive use of electric loco- 
motives, (3) the ojMTating conditions permitting the use (when desirable) 
of motors having constant-spticd characteristics. In these cases, even 
when direct -current series motors are employed, the additional equipment 
necessary for regenerative^ braking adds but a small percentage to, the 
cost of the locomotive. 

Th(^ advantages due to regenerative braking on these railways are 
greatcjr than those obtained on level routes. Tlius, in addition to the 
saying of energy, there are large savings in the maintenance of the 
nundianical brakes and wln^ol tyres. Moreover, owing to the mechanical 
brak(}S being us(id only to a small extent — and, in some cases, not at all — 
duriitg the descent of gradients, the danger of overheating of the brake 
shoes and Avheel tyres (wiiich may be a serious menace with mechanical 
l^rakes) is eliminated, thereby conducing to greater safety in operation and 
more uniform braking. Further, higher operating speeds on the gradients 
become possible and lujavier trains can be taken down the gradients. 

In these circumstances regeiuTative braking results in a considerabhi 
reductioji in the operating costs coin'pared with mechanical braking. 

Practical results. TIkj Giovi-G<^noa lines of the Italian State Railways*!* 
form a striking example of the advantages of electric regenerative braking 
on a railway with heavy graditmts. With electric traction the capacity 
of the lines has lunm trebled, due to the heavier trains which can be 
run on tlu* down gradiemts and the high(*T speeds permissible with electric 
braking. TIk^ running costs hav(5 been found to be only about 75 p'.r 
c(mt of those when the lines were operated with steam locomotives, 
although the plant of the generating station is not fully utilized. These 
low costs are the n^sult of (‘lectric recuperation of eiuTgy on the down 
gradiemts, the rccupi^rated eruTgy being of the order of from 60 per cent 
to 80 i)er c(‘nt of the energy consumj)tion for the up journey with the 
same train. J Considerable saving is also effected in the brake ^jfioes, 
wheel tyres, and rails, as the iiiechanical brakes an^ only used for “ slow- 
downs and stops. 

Testsll on the Midi Railway (France), with a single-phast; locomotive 
and a 280-ton train on a gradient of 1 in 59 (1*7 per cent), showed that, 
at a speed of 23*6 inl.p.h., 400 kW. (at a pow(T-factor of 0*83) was 
returned to th(J supply system. This power corresponds to approximately 
40 per cent of that required by the train in asc(;nding the gradient at the 
same speed. With a lighter train — w'cighing 100 tons — the power-factor 
during recup(;ration was nearly unity. 

General conditions relating to electric regenerative braking on main- 
line and mountain railways. In the application of any system of electric 

* Generally, regenerative braking is desirable, and necessary, in any electrifica- 
tion fioherno for lines having long gradients exceeding 0*6 T^er cent (1 in 106). 

t For a descriiit-ion of this electrification see Tramway and Railway World, 
vol. 27. p. :U5 ; vol. 35, p. 184. , . ^ , 

t In all cases of regenerative control ihe efficiency of the eqiiipuient lias an 
important bearing on the economical results. It is only with the use of large 
gearless three-phase inotora that results of the above order can be obtained. 

II See The Engineer, vol. 116, p. 174. Those tests were carried out (in 1?)12) 
when the line was first electrified, the single-phase system being then in use. 
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regenerative braking to these railways throe important conditions have 
to be fulfilled, viz. — 

(1) The speed-torque characteristics of the regenerative equipment 
must be such that mechanical stability is obtained ovct the whole range 
of op(^rating speeds, i.e. an increase in speed must be accompanied by an 
iniyease in the braking torque. 

(2) The electrical or volt-ampere characteristics of the equipment 
must ensure electrical stability over the whole range of operating speeds, 
i.e. sudden fluctuations in the line voltage must not clause flash-overs or 
sudden fluctuations in the braking torque. 

(3) If and when the recuperated energy exceeds the energy demand 
of oth(ir trains operating on a given section of the distributing system, 
the substation converting plant must be ca])ablo of returning the excess 
energy to the primary supply system, and the latter must be capable of 
absorl)ing tliis energy. Hence, in the case of railways which are supplied 
from a se])aralo generating station wdiich has no other load, provisk)n 
must b(^ made for dissipating any c^xcoss energy in loading rheostats 
(which are usually of the water type) ; otherwises dangerous operating 
conditions, both at the gencTatirig fetation and at the trains d(;scending 
gradients, would oc(!ur. 

l^.LECTKic Regenerative Braking Systems 
T. Regenerative braking with three-phase motors. This is the simplest 
system of regenorative braking, esjxjcially when automatic liquid rheo- 
stats are employed. No additional apparatus or equipment is necessary, 
and no extra notches or special operating positions are required on the 
master controller. 

The cssimtial filature in the control of the threesphase indiudion 
motor for regemorative braking depimds upon the pr(^jK)rty of this machine 
to operate as a non -synchronous (induction) gtmerator A\hc5n driv^en at 
spcieds above synchronism. The machine, however, is not self-exciting 
as a generator and must be connected to a system supplied by synchronous 
generators ; this systtmi supplying the excitation and determining the 
frequency at which the induction generator operates. 

Tlic relationship bid-wecn torque and slip for gencTator operation is 
similar to that for motor operation (except for a slight difference in the 
magnitudes of the maximum torque in the two cases), i.e. the slip (which 
is negative*) with constant resistance in th(5 rotor circuit is approximately 
proportional to the torque, w'hile for constant torque th(^ slip is approxi- 
mately proportional to the resistance of the rotor circuit . 

Fig. 219 shows typical torque-speed curves for bf)th motor and 
generator operation. Observe that with no external resistance in the 
rotor circuit the speinl varies only very slightly ovct the whole range of 
the torque, and that the effect of adding external resistance to the rotor 
circuit is to increase the speed for a given braking torque. Hence, when 
broking with zero external resistance in the rotor circuit the speed will 
be practically unaffected by the steepness of the gradient, and w'ill also 
be practidfelly independent of the load, i.e. w’cight of the train. But if 
increased speeds are necessary with light loads they may be obtained by 

* Thus if n - spcrtl of rotor in r.p.in., -- synchronous s}m»c( 1 in r.j).iii., tho 
slip {71 g - ti)l7ig * = - {njn^ - 1). 
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inserting resistance in the rotor circuit. Alternatively, multi-speed 
motors or cascade control may be employed. 

The curves of Fig. 219 show also that the maximum braking torque 
available from the machine is greater than the maximum motoring 
torque. The former is usually of the order of three times the continuous- 
load torque, and is always considerably above the torque necessary^ ti7 
slip the driving wheels. 

Regenerative braking on level track can be obtained only with multi- 
sp(u»d equipments. Thus with the two-speed cascade system, regenf^rative 



Kic;. 219. • SjJoed- torque Curvo.s for Motor aud (jJ(*iu*rator 
Oxjoration of Polyphase Induction Machine. 


braking is obtained at speeds above the eas(;ade-synchronous speed by 
cascading the motors, the control of the braking retardation being 
eflFccted by nigulating the resistaiict? in the rotor circuit of the secondary 
motor. Hence, with this (two-speed) equipment, the economy obtained 
from reg( nerative braking on level track will bo snjall. Even a four- 
speed equipment wdll not show marked economy on account of the 
unavoidable losses in the rheostats. 

Regenerative braking on gradients, however, will show considerable 
economy, as the machines can be operated without external resistance in 
the rotor circuit, i.e. under conditions of high efficiency. The energy 
returned to the distribution system is equal to the w^ork done by gravity 
on the descending train, less the energy expended against traimresistance 
and the losses in the motors. Thus the outjmt from the machines (which 
is practically proportional to the braking torque) is determined by the 
w^c‘ight of the train and the gradient, 'fhe speed — with zero external 
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resiutanco in the rotor circjuit — is detormiiicd by the sjK?od-com bination 
of the machines, and will be slightly higher than that corresponding to 
the motor speed for this combination. In general, therefore, the speed- 
combination which is used when ascending a given gradient will also 
be used when descending this gradient. But in the latter the train weight 
(rhjch can be handk'd by a given loconiotive is greatcjr than that in the 
former case. 

When two or more locomotives have to be coupled together for the 
purpose of handling a heavy train down a gradient, it is desirable that 
the locomotives should share the load equally in spite of any differences 
in the diameters of the driving wheels. This condition is easily obtained 
with equipments provided with automatic liquid rheostats. The rheostats 
on the locomotive with the largest driving wheels are short-circuited, 
while the rheostats on the other locomotives are adjusted (from the 
driving master controller) to maintain a load on these locomotives equal 
to that on the former locomotive. 

II. Regenerative braking with direct-current motors. In this case the 
voltage generated in the armatures when braking must exceed the supply 
voltage by an anu^unt which is equal to the voltage drop (duo to resis- 
tance) in the macihines and connections. Moreover, the generated voltage 
must hi) maintained at this value ind()pcndcnt of the speed and braking 
torque. These conditions necessitate either shunt- or separately-excited 
field windings. 

The sijeod and braking torque arc controlled by regulating the excita- 
tion. They could also be controlled by a variable resistance, or, alter- 
natively, a booster, connected in the armature (main) circuit. But the 
series-resistance method is inefficient and unsuitable for practical pur- 
poses, and the booster method, although practicable, involvT,s additional 
machines and control gear. 

The range of speed and braking torque obtainable from a given 
equipment with this method of control (i.c. by regulating the excitation 
of the traction motors) is governed by considerations of heating and 
commutation. For example, the torque coiTesponding to a given com- 
bination of the motors is limited, at the lower si)eeds, by the heating of 
th(i armature and field windings. At the higher speeds (i.e. when the 
machines are operating with weakened fields) the torque is limited by 
commutation. Thus, to obtain satisfactory commutation the ratio of 
field ampere-turns to armature ampere-turns must always exceed a 
minimum value (which is of the order of 0-4). 

Regenerative braking with shunt machines cannot be effected with 
the simjilicity which this method of excitation would suggest, as diffi- 
culties are encountered in the series-parallel operation of the machines, 
both as generators and motors. Moreover, shunt machines arc inherently 
sensitive to voltage fluctuation and w’ould be extremely unstable on a 
traction circuit. In the past a large amount of development has been 
expended in the application of shunt and compound macliines to regenera- 
tive braking under tra^mway conditions, but such equipments had ulti- 
mately to be abandoned owing to opiating, difficulties connected with 
both the car equipments and the generating station. 

Modem developments in regenerative braking on direct-current railways. 
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therefonj, have botiii entin^ly with standard scries traction motors. 
Suitable cliaractcristics for regenerative braking are obtained by separately 
exciting the field windings,* and electrical stability is obtained either by 
differentially compounding tlu^ exciter or by connecting the exciting 
circuit in parallel with a resistance inserted in the main circuit. The 
braking torque is controlled either by regulating the excitation of 
exciter or by inserting a booster in the main circuit. The booster exciter 
possesses certain advantages over the single exciter for motor-coach trains, 
as the booster may be utilized for starting and speed control. On the 
other hand the single exciter is desirable for locomotive equipments on 



Fig 22*). — Elornontary Diagrams of Methods of obtaining Rc^geiierative 
llraking with Direct -ciirront Motors. 


account of tluj larger motors and the more severe and more varied starting 
conditions. 

The exciter may be driven cdtlu^r by a separate motor (which is usiially 
stjries wound and is connected to a permanent mechanical load, such as 
a fan or blower) or from one of the axles of the locomotive. In the latter 
cas(i the exciter is usually an axle-mounted generator and is drivim from 
one of the trailing axhjs. \n some case.s — e.g. with locomotive equipments 
having a large number (six or more) of motors -oin^ of t he driving motors 
is used as an exciter. 

Elementary diagrams of connections for these cases are given in 
Fig. 220. Ill diagram (a) the (exciter is differentially compounded, and 
is driven by a s(Ti(?s motor, to which is also connccl-ed a permanent 
median i(;al load. The shunt field winding of the exciter is separately 
(ixcited from an auxiliary supjily: the differential series winding is 
connected in iho main circuit and carries the recuperated current. The 
exciter armature has to carry the sum of the armature and field currents 
of the traction motors. Control of the braking torque is effected by a 
rheostat connected in the shunt-field circuit of the exciter. 

Diagram (b) also refers to a motor-driven exciter, but in this case 
the exciting circuit (i.c. the exciter armature togc^ther with the field 

* The term “ field w'indings ” here refers to exciting windiiigs am I does not 
include the <‘ointTuitatiiig-pole windings. 
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winding of the traction motor) is connected in parallel with a “ stabi- 
lizing ” resistance in the main circuit. The exciter is virtually a shunt 
machine separately excited from an auxiliary source. The exciter arma- 
ture carries only the exciting current of the traction motor, but its 
voltage must be equal to the sum of the voltage drops in the stabilizing 
reSlf^ancc and the traction motor field winding. The same scheme of 
connections may be employed with an axle-driven oxcit(T. 

Diagram (r) shows a moth(xl of utilizing one of the traction motors 
as an exciter. In this case the “ exciter ” operates as a self -excited series 
generator, and supplies not only its own excitation but also that of th.e 



Kie. 221. Spend -ourrent and Speed Tractive -effort Curves for Electric 
Locoinotivn wlinn Braking Kegent^ratively. Motor-driven exciter and 
0*04 ohm stabilizing resistance. 


other machines which are generating. Contrt)! of the excitation and 
braking torque is obtained by both shunting the field winding of the 
“ exciter ” and varying the resistances in the exciter-armature circuit. 

The speed-torque characteristics obtained from each of these methods 
have the same general form, but, for given conditions, the variation of 
speed with torque is generally smaller with a stabilizing resistance than 
with a differentially compounded exciter. Typical characteristics are 
shown in Fig. 221. Such characteristics can bo calculated when the 
requilsite data are available, but the calculations are more tedious than 
those for the motor s]ieed-torquo characteristics, as the shape of the 
magnetization curve of the exciter and armature reaction have to be 
taken into account. 

It is important to observe that for each value of excitation the torque 
increases as the speed increases until a definite torque is reached, after 
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which an increase of speed results in a decrease of torque (i.e. the braking 
system becomes unstable mechanically). The value of the maximum 
torque depends upon the excitation, the largest value being obtained 
with the largtist excitation. 

Comparison of above methods. With the diffcrentially-compoiyjded 
exciter method (Fig. 220(a) ) the traction motors must first be connected 
to the line as motors when regenerative braking is required, the change 
from motoring to braking being effected by increasing the excitation. 
Stability against surges of current duo to sudden fluctuations of lino 
voltage is obtained by the differential compounding of the exciter in 
combination with armature reaction and voltage drop in the exciter 
armature. For example, should a sudden decrease in the line voltage 
occur, the tendtmey for the recuperated current to increase is checked 
by a reduction of the exciter voltage, which decreases the excitation of 
the traction motors. 

With the motor-driven exciter method employing a stabilizing resis- 
tance the traction motors may be connected to the lino as generators, 
and, on account of the inherent stability of this method, the voltage of 
the machines at tlic^ time of their connection to the line does not require 
exact adjustment. In the event of a sudden decrease in the line voltage 
the tendency for the recuperated current to increase is checked by the 
decreased excitation duej to the increased voltage drop across the 
stabilizing resistance. 

This method ])ossesses the advantages of greater simplicity and a 
smaller exciter for a givcjn motor equipment than the preceding method, 
and the losses in the stabilizing resistance are to some extent balanced 
by th(^ decreased commutator losses of the exciter and the maintenance 
of this machine. 

With the traction-motor exciter method shown in Fig. 220 (c), the 
“ exciter carries only th(^ field curremt of the traction motors. The 
stabilizing resistance carries the sum of the armature and field currents. 
Electrical stability is therefore obtained by a method similar to that 
(unploycd in Fig. 220 (6). The control of tho (jxcitation of the exciter and 
the traction motors is effected by utilizing a portion of the main starting 
rheostats and contactors. Hence, regenerative braking entails very little 
additional equipment. On the other hand, the range of speeds over 
which braking is possible is less than that obtainable with the preceding 
methods (with which two or more combinations of the motors are possible). 

A c(^niparison of the braldng characteristics for the motor-driven 
excilcu’ anti traction-rnolor exciter methods ap])liod to a particular case 
is given in Fig. 222. Those curves* show the calculated poiformances 
for a 77-ton, 3000- volt locomotive equipped with six 1000-volt motors. 
With the motor-driven exciter tw^o combinations of the traction motors 
are available for braking, but with the traction-motor exciter only one 
combination is available. Moreover, the total braking effect for given 
conditions is greater in the former case than in the latter case, as the 
whole of the traction motors are operated regencratively. • 

* Obtained from data given in a paper on “ Rc^genorativo braking for direct- 
current locoinotivtjs,” by A. Brcdenberg, Jiir. Proceedings of American Institute of 
Elect^al Engineers, xlv, 61JJ. 




Fjg. 222. — Speed Tractive -effort Curves for Klcctric Locomotive 
wliou ]$raking Uogoueratively. 


and descending sjwtuLs is small for light gradients, but becomes greater 
as the gradient increases. 

Traction-motor excitation is, therefore, pr(‘ferable for relatively light 
gradients (not excc^eding about 1 in 70) or for short heavy gradients. 
Motor-exciter excitation is pref (arable for long and heavy gradients. 

For locomotive equipments in which moj’o than two combinations 
of the motors are possibl(?, the traction-motor exciter method may be 
unsuitable on account of the limited speed range available. Under 
certain conditions, however, it may bo j)Ossiblc to increase the range by 
employing two combinations (e.g. with a 30()0-volt locomotive equipped 
with six 1500- volt motors two combinations can be obtained), but the 
sj)ecd range ^will always be less than that of the motor-exciter method. 

Control equipment. The additional equipment necessary for regenera- 
tive braking will depend upon the method employed. In all cases a 
cliange-over switch (which may be of either the drum or the contactor 
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type) is necessary for changing over the connections from motoring to 
braking. A separate master controller or a special master controller 
with three operating liamlles and contact drums is also necessary for 
controlling the spf^ed and braking effect. Protective relays are also 
necessary. 

With traction- mot or excitation very little equipment, in addjti«n 
to that mentioned above, is necessary if the main starting rheostats and 
contactors arc utilized. Some additional rheostats and contactors, how- 
ever, may be necessary. 

With a motor- or axle-driven exciter a suitable field rheostat, together 
with a group of contactors or a drum-type controller, is necessary for 
regulating the excitation, and with a motor-driven exciter starting 
apparatus is necessary for the motor. 

Example of control equipment for regenerative braking. This example 
refers to a 3000-volt, 1200-h.p. locomotive with Metropolitan-Vickers 
equipment. The control equipment for motor operation is arranged on 
the series-paralk^l system and is described in Chapter TX (p. 240). For 
rcgon(?rativo braking a motor-driven exciter with stabilizing resistance is 
(mi ployed, and both combinations of the motors can be used if desired. 
Transition is effec^ted by opening the main circuit. 

Simplified diagrams of the motor and control circuits —in so far as 
regenerative ojieration is concerru^d — are given in Fig. 223. The exciter 
is driven bj^ a double-armature, 3000- volt motor which is mechanically 
connected to a blower. The motor has a series winding (which normally 
supplies the majority of the excitation) and a light shunt winding which 
is separat(^ly excited from an auxiliary source (100 volts). The exedter 
has a main shunt winding, which is separately excited, and a light scries 
(cumulative) winding which is connected in series with th(^ motor. The 
object of this (series) winding is to comp(^nsato for gradual or semi- 
permanent fluctuations in the line voltage. Thus if the line voltage 
increases, the speed of, and the eurnait input to, the motor both increase. 
Hence the voltages gciK^rated in the (‘xedter increasi's, tiiereby inen^asing 
the excitation of the traction motors. A decrease in the line voltage 
pn^duces the opposite cff(;ct. 

The change of connections from motoring to braking (which involves 
the cutting-in (ff the (jxcitcT and stabilizing r(*sistances) is eff()cted by a 
cam-operated group of contactors (Fig. 172). 

The control operatiejns an*.— 

The combined reversing and motor-combination liandle of the master 
controller (Fig. 175) is placed in the “ forward-scri(*s ” position, the 
braking handle is moved to the first notch, and the acjcelerating handle 
is moved to the first notch. The last operation (establishes the pow(ir 
(regenerative) circuit, the motors being in s(^ries with each other and in 
seri(\s with the starting rheostats. 

The braking handk; is then adjusted until the ammeter shows ‘4hat 
n^cuperation has commenced. The current is maintained approximately 
constant at a small value by manipulating the braking handle, while the 
starting rheostats are cut out, aft(?r which op(^ration the braking current 
is adjusted to the desired value by manipulation of the brakiiig handle 
(which controls the amount of resistance in the shunt field of the exciter). 
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: 3.- -Main-circuit Connections for Regenerative Braking witli Series-parallel Locomotive Equipment 

(Metropolitan-Vickers. ) 
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Similar operations are necessary when braking is desired with the 
parallel combination of the motors, but in this case the combined 
rfjvcrsing and motor-combination handle of the master controller is 
placed in the “ forward-parallel ” position. 


III. Regenerative braking with single-phase motors. The problem^'M 
obtaining regenerative braking from single-phase series motors presents 
dilliculties which are considerably greater than those discussed above in 
connection with direct-current equipments. In fact these difficulties are 
of, such magnitude in some cases that rheostatic braking — ^which can be 
obtained by operating the motors as self-excited series generators and 
loading them on rheostats — is often resorted to on mountain railways. 
In oth(^r eases the split-phase system is adopted. 

The chief difficulties are concerned with (1) the prevention of the 
jnachine building-up as a direct-current generator, and (2) the attainment 
of a high power factor during recuperation. Of these, the second involves 
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greater attention than thtJ first (which can be overcome successfully by 
isolating the armature and field circuits and separately exciting the latter). 
When the difficulty of obtaining a high power factor is ovcircome, the 
control of the speed and torque during regeneration is, ndatively, a simple 
matter, and can be effected by the same apparatus (e.g. the tap-changer) 
as is employ(‘d for controlling these quantities when the machine is 
operating as a motor. In this respect the control of the single-i^hase 
motor during n^generative braking is more flexible than that of the direct- 
current motor, as the torque obtainable at high speeds is not limited by 
considerations of commutation. Moreover, regeneration over a wide range 
of speeds can be obtained with practically constant excitation, and, 
therefore, minimum root-mean-square currents in th(^ armature and field 
windings. 

The conditions ncjcessar}'^ to obtain a high power factor during regenera- 
tion are, briefly — 

The E.M.F. generated in the armature must be practically in phase- 
opposition with the “ supply ” voltage (i.e. the voltage acioss the ter- 
minals of the portion of the transformer secondary winding to which the 
armature is connected). Hence the flux and exciting current must be 
practically in jfliase with the supply voltage, and therefore, as series 
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excitation is inadmissible, the voltage impressed on the separately 
excited field (exciting) winding must have a phase difference of prac- 
tically 90° with respect to the supply voltage. 

A number of schemes are possible for obtaining the correct phase 
and magnitude of the exciting current. Some of these involve the use of 
auxiliary machines and others the use of auxiliary stationary apparatus. 

A simple scheme, duo to Messrs. Siemens-Schuckert, is shown dia- 
grammatically in Fig. 224. This scheme involves only the use of auxiliary 
choking coils and a fixed resistance. The excitation winding of the motor 
is separately excited from a section of the transformer winding, and the 
correct phase of the exciting current is obtained by im^ans of a suitably 
adjusted choking coil and resistance connected as shown. N<) means are 
provided for regulating the excitation. The armature is connected in 
series with the compensating and commutating-pole windings, and the 
combination is connected to tappings on the transformer, a group of 
contactors and a preventive coil being employ t^d for tap clianging. In 
order to obtain the correct phase for the commutating flux under genera- 
tor conditions, t he resistance, which shunts the commutating-pole winding 
when the machine operates as a motor, is connected in series with this 
winding and both are shunted by a chokhig coil. 

The machine, therefore, possesscis a shunt characteristic when 
operating regeneratively, and its speed, for a given tapping- voltage, is 
sensibly constant. Regulation of speed is, of course, effected by varying 
th(5 tapping to which the armature circuit is connected. 

If the braking torque is removed— due to cith(T a decrease in the 
gradient with a constant tapping- voltage applied to the armature circuit, 
or an increase in the voltage aj)plicd to the armature circuit with a 
constant gradient — the machine runs as a shunt motor at a slightly lower 
speed but with a bad pow-er factor. Hemeo at the completion of the 
braking period the connections must be changed over to give normal 
operation as a series motor. 

The method possesses the advantages of simy)licity, security (i.e. good 
mechanical stability), a favourable poww-factor during recuperation, 
and low additional weight (which is of the order of 4 ptir cent of the 
weight of the electrical equipment of the locomotive), cost, and main- 
tenance. 

These advantage's tend to balance the disadvantage of a reduction 
in efficiency (with generator operation) due to the losses in resistances 
and choking coils. 

With single-phase equipments it is generally impossible, to obtain 
very high values (such as are common to three-phase equipments) for 
the ratio of the power recuperated down a gradient to the power required 
for ascending the gradient under similar conditions, as the overall effi- 
ciency of single-phase equipments is considerably lotver than that of 
three-phase equipments. Hence, where recuperation is of importance on 
a siiygle-phasc system, the results obtained with an equipment consisting 
of three-phase motors and a phase converter will generally be superior 
to those ob^jained with a straight single-phase equipment. 



CHAPTER XIII 


AUXILFARY ICLKCTKICAL EQUIPMENT FOR TRAMCARS AND 
TROLLEY-BUSES 

The electrical equipment of a tramcar or a trolley-bus includes, in 
addition to the motors and controllers, (1) a current collector (o.g. a 
“ jTolley ” or a “ plough by means of which the current is conveyed 
from tlie overhead lines or conductor rails to the controller and motors ; 
(2) rheostats for starting and regulating the speed of the motors ; (3) pro- 
tective apparatus to protect the equipment against overload and, in 
the case of overhead systems, against lightning discharges ; (4) the 

necessary cables for the, “ power circuits ; (5) a lighting, and, in some 
cases, a lu'ating installation. 

Trolley collector. Tliis consists of a standard or base, a trolley-pole, 
and a trolley-hi^ad. The trolley-head is fixed to the end of the trolley- 
])ol(?, from which it is insulated, and carries the trolley wheel. 

The trolley-head may be of either the fixed or swivelling types. The 
former is intended for trolley wires arranged centrally with the track, 
and the latter is suitiible for operating on trolley wires displaced from 
the centre of the track. Views of typical troliey-heads are givem in 
Fig. 22/), and tlie various parts are shown in Fig. 226. 

The troll(»j"- wheel is usually made of gun-metal having a high per- 
centage of copp(‘r, but ill some cases a eom])osito wheel —with a copper 
centnj and ])ressed steel flanges — is us(‘d. diametcT at the bottom 
of the groove, is usually 3 in., but for high speeds a larger diameter 
(about 5 in.) is adopt(Hl. The wheel may be fitted either with a self- 
lubri(!ating hollow steel spindle or with a solid ste(‘l spindle and a graphite 
bush. 31ie guard or shiedd (which protects th(^ edg(‘S of the trolley- wheel) 
is, in the swivelling type, mounted on a vertical s})indlt) and is fitted cither 
with a ball bearing o- a ])lain bearing with a lubricated “ friction washer.” 
These details can b(^ observed in Fig. 226. 

The trolley-pole is a light steel tube about 15 ft. long, 1 in. in diameter 
at the head end, and or 2 in. in diameter at the butt end. Rubber 
sleeves are fitted at each end to insulate the pole fn)m tlie trolley-head 
and the standard. 

Trolley standards are of two types, (1) vertical, (2) dwarf. The former 
is intended for open double-deck cars, and the lattc'i* for single-deck cars 
and covered double-deck cars. 

A section of a vertical standard is shown in Fig. 227. The outer steel 
tube B is fixed into a cast-iron base A , and supports, on ball bearings, the 
cast-iron head C, to which is fixed the internal tube D. This tube extends 
the whole length of the outer tube to a guide bearing E in the base A, 
The trolley-pole is fixed to a hooded pole-holder F, which is hinged 
to the liead of the standard at G, A pin H is located in the inner portion 
of the hood, and carries the tension-rod J. The upper end of this rod is 
formed into a square head, while the lower portion is threaded to engage 
the nut Ky which is in the form of a cross-bar and is seated in slots in the 
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casting L, the latter b(*ing free to move in the tube D. A collar M is 
riveted to the inner tube near its upper end, and between this collar and 
the casting L is placed the spring N, An adjustable stop 0, fixed in the 
head C, prevents the trolley-pole from rising above a certain elevation. 



I IJ Jll 

Kkj. 22,). Types of 'rrollcy lioads : 1, swivelling head with bull bearing; 

rr, lixed lu'iul or liar[) " ; Jll, swivelling lioad with ‘‘friction waslior.” 


The spring is, therefore, in compression, and that its leverage on the 
pole-holder is a minimum in the lowest position of the trolley-head. 
As the 1rolley-])ole Ix'comos inclined, its effective leverage decreastjs ; the 
tension in the rod J decreases, and its leverage increases. Thus, slight 



Frc. 220. Parts of tlx* Trol ley-1 unuis illustrated in Kig. 22,'). .1, body for 

head ITT ; Ji, htidy for head II; i\ body for head 1 ; Dy trolley whool 
with graphitii bush ; Ey shield for “ friction -washer ” typo of head ; i\ 
shield for ball-boaring lioad ; (/, hollow solf-liibrioaling spindle ; •/, 

terminal sleovo with cable terminal and insulating bush ; , rubber sleeve 

(for insulating terminal sloovo from trolley jiole) ; H, torminal sleeve 
completely assembled. 


deviations qf the trolley-pole from the normal operating position do not 
affect the pressure on the trolley-wire, but under low bridges the pressure 
will be reduced, thereby avoiding excessive wear on the wire at these 
places. The variation of pressure is shown in Fig. 228. 
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Fio. 227.— -Section o£ Trolley Standard for Uoublo-dock Cars without 
Top Covers (Brecknell, Munro & Rogers). 
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The horizontal movement of the trolley-pole is restricted, by the 
stop /, to less than a complete revolution. A swivelling contact, however, 
allows unrestricted horizontal movement of the trolley-pole. Details of 
such a contact are shown in Fig. 227. The cable from the trolley-head 
terminates in a contact P, which is fixed to a bush of insulating material 



Fk». 228.- Variation' of Pressure on •Trolley- wire with Height of Trolley- 
lioad. (Distance between centre of trolley-head and centre of 
Klandard, with trolley-pole horizontal, 14 ft. 6 in.). 


Q, carried in a cup-shaped casting R attached to the lower end of the 
inner tube 1), The lower contact 8 works in a guide T, which is fixed in 
an insulating bush LJ, the latter being fixed in a casting V bolted to the 
base of the standard. This contact (S) is pressed against the upper con- 
tact (P) by ni(»ans of a spring, and a square is formed on the neck of the 



Fig. 221). — Dwarf Trolley Standard (Brecknell, Munro, & Kogers). 


lower contact to prevent rotation of the cable terminal to which the cable 
leading to the controller is attached. 

The standard is usually earthed through two 250- volt lamps connected 
in series. 

A t 3 rpical dwarf standard for covered double-deck cars is shown in 
Fig. 229. This standard can be made with a total height, when the trolley- 
pole is horizontal, of only in. The head of the standard is carried on 
a central sleeve, forming part of the base, and is provided with ball 
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l)earings, while a stoj) is fitted, as in a vertical standard, when the base 
is not furnished with a swivelling contact. The arrangement of the 
springs, tension-rods, and pole-holder is shown clearly in the illustration. 

The current-collector for a trolley-bus is usually of the double-trolley 
type, and consists of separate trolley heads and poles fitted to a special 
dwarf standard. This standard consists of two dwarf standards, of the 



Fio. 2U0. - Vlougli Collectors (LotmIoq County Council C/Oiuluit Tramways). 
Tlio plough shown on tho right has been dcvclopoil for cars running on 
combined conduit and ovorlw'ad trolley systems. 

type shown in Fig. 229, arranged one above the other as shown in 
(Fig. 270). In some cjases (Fig. 209) single dwarf standards arranged side 
by side arc employed. 

Plough collector. Typical ])loughs for conduit tramways are shown 
in Fig. 230. Tho head A is of cast steel, tho lower j)ortion B is of wood, 
while the intermediate portion C (which passes through the slot of the 
conduit) is built up of steel plates. The shoes D, which make contact 
with tho conductor rails (see Chapter XXI), are of cast iron, and are 
pressed outwards by scmi-olliptic springs. Each shoo is connected to a 
terminal, fixed in tho base of the plough, by a flexible copper conne6tion 
E, which acts as a fuse in the event of a short circuit within the plough. 
Tho connections betweem the shoe terminals and the cables F (or con- 
tacts Q) at tho lioad of the plough are in tho form of copper strip, in 
order that they may be carried between tho steel plates in the inter- 
mediate portion of the plough, the overall thickness of which is only ^ in. 
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The lower portion of the plough is protected from mud, etc., by a hood H, 
The head of the plough is fitted with projections J, Avhich slide in the 
plough carrier on the truck. 

For cars which have to operate on both conduit and overhead trolley 
systems, the London County Council Tramways have developed a plough 
which can easily be removed from the car.* Tn this plough the head is 



Fia. 231. — Resistaiifo Cirids. 


Lfift — Ojnt. «ri<l (ll.T.-H. (Vi.) — Pres«tecl splayod grid with ‘<i»accr in position 

(Ithcostatic Co.). 


fitted witli spring contact-shoes instt^ad of cables, and these shoes 
make contact with two insulated bus-bars fitted to the plough carrier. 
Before this device was adopted it Avas necessary, wdien changing from 
the conduit to the trolley system, and vice versa, to disconnect and 
connect the cable connectors und('r the car. The bus-bars arc connected 



Fra. 232. -ItT.-H. Trarncar Rheostat (for location 
under car). 

to a change-over switch, from which connections are taken to the con- 
trollers and the trolley. In one position of the switch the bus-bars 
are connected to the controllers and the trolley circuit is isolated, while 
in file other position the trolley is connected to the controllers and the 
bus-bars are isolated. 

Rheostats. The grid rheostat with mica insulation is adopted in all 
modern equipments. This type of rheostat consists of a number of 
• For details of the method of removing and replacing the plough, see p. 651. 
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resistance grids supported on mica-insulated rods and clamped between 
mica and steel wasWs. The supporting rods are usually mounted in 
either pressed-steel or cast-iron end frames for location under the car, but 
in some cases they are mounted in a ventilated cast-iron box for location 
on the platform under the staircase. 

Two types of grids are in use, (1) cast, (2) malleable (unbreakable) 

Cast grids consist of either a special grade of cast iron or an alloy of 
aluminium and cast iron, and are treated with a rust-preventing com- 
pound. A typical grid is shown in Fig. 231, and a rheostat is shown in 



Fi«. 233. — Tramcar Rheostat (Platform Type) with Unbreakable 
Pressed Splayed Grids. 

(Rheostatic Co.) 


Fig. 232. Each grid has three slotted bosses and a projecting lug to 
which a terminal may bo attached. The bosses are thicker than the 
other portions of the grid and are ground flat ; they form not only the 
means of support but also the electrical connection between adjacent 
grids. Series connections are effected by inserting a thin mica washer 
between alternate outside bosses and a similar washer between all the 
middle bosses. * 

Malleable grids consist of rustless resistance wire of rectangular cross- 
section. The grids are formed by bending a continuous length of this 
wire in a series of narrow loops — similar to those of cast grids — ^larger 
loops being provided at the ends and centre for supporting the grids on 
mica-insulated rods. The wire is continuous (in the form of a loop) from 
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connected betwcjon the controller and the current collector. On tram- 
cars equipped with trolleys the circuit breaker is mounted under one of 
the canopies, within reach of the motorman. A switch is connected 
in series with the circuit breaker and fixed under the other canopy. 
With cars operating on the conduit system, the poLarity of the conductor 
rails is liable to bo reversed, and a double equipment of switches and cir- 
cuit breakers is provided, a switch at one end being in series witli a 
circuit breaker at the other end. The car wiring can tluTofore he isolated 
from either end of the car. With trolley buses a circuit breaker is con- 
nected in each ])ole. The circuit breakers are usually mounted side by 
side on the dash board. 

A typical circuit breaker is shown in Fig. 234. The main contacts are 
located in an arc chute and are provided with a magnetic blow-out, the 
blow-out coil actuating also the tripping mechanism. The handle is 
arranged io trip the circuit breaker when it is moved to the “ off 
j)osition. Hence the circuit breaker can be opcratc^d by hand in the same 
manner as a switch. 

(2) Lifjhtumcj arrester. 'I'he equipnu^nt of cars which op(*ratii from 
overhead trolley wires is protected against lightning and high-voltage 
surges by a lightning arrester and a choking coil. The choking coil is 
connected in the main circuit between th(j circuit breaker and the 
contro]l(?r, and the lightning arrester is connected to the “ line ” side of 
the choking coil as shown in Fig. 235. 

The arrester is usually of the spark-gap and resistaTiee typ(‘. One 
form consists of a single spark gap (0*015 in.) in combination with a 
series resistance and a magnetic blow-out, the field of which is provided 
by a permanent magnet. Another form consists of two (electrodes and a 
(jylindrical ])lock of specially pn^pared carborundum (^f high resistance. 
The carborundum block has numerous air spacers uniformly distributcnl 
throughout its mass. A discharge through the block is, tlu^refore, split 
up into a large numbcT of smaller dischargers, and thtr high resistance of 
the material prevents tlnr discharge from btring maintained by the liiur 
voltage. Th(' carborundum block is separat(‘d from the “ line ” ehrclrod*^ 
by a small air spacer. 

Car wiring. Power circuits. With modern tramcar ir({uipments the 
wiring for the power cinruits consist of two multi-core cabkrs (onir along 
(rach side of the car), with distinctive colours to the sirparate cables. 
These cables interconiu'ct the controllers, and tapiungs are brought out 
at suitable points for connoefion to the motors, rheostats, and brakes, as 
shown in Fig. 235. 

With trolley-bus equipments the motors, rheostats, controller, and 
circuit breakers are all arranged at the forward end of the vehicle. The 
connections are made by flexible cables (o.g. 248/-018, 140/-01) of the 
(;ab-tyro sheathed type. 

• Lighting circuits. These circuits have to provide for the interior 
lighting of the car as well as for the lights required by traffic regulations. 
The circuits are supplied from the “ line ” si(ie of the canopy switch and 
consist usually of 105-volt lamps, five lamps being connected in series. 
Each circuit is controlled by a separate switch, two-way switchii^g being 
necessary for the “ traffic ” lights. 
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AUXILIARY ELECTRICAL EQUIPMENT FOR ELECTRIC LOCOMOTIVES 
, AND MOTOR-COACHES 

The auxiliary electrical equipment required by locomotives and motor- 
coaches includes: (1) current collectors ; (2) motors and control gear for 
driving {a) the compressors, or exhausters, for tho power brakes, (6) the 
blQwers for ventilating the main motors (if these are of the forced- 
vontilated typo) ; (3) the pressure converter or motor-generator for 

supplying tho lighting, control, and auxiliary circuits of high-voltage, 
direct-current equipments at suitable voltage. 

Current Collectors 

Tho type of current collector depends upon tho position of the con- 
ductor from which tho locomotive or motor-coach obtains its supply. 
With conductor-rail distribution systems the current collector consists 
of a cast-iron, or cast-steel, collector shoe, which is maintained in contact 
with tho conductor rail either by its own weight or by means of a spring. 
With overhead distribution systems the current collector consists of a 
bow- or pan-shaped sliding contact (or, in some cases, a roller contact) 
carried on a light framework and maintained in contact with tho trolley 
wire by moans of springs. 

Collector shoes. These may bo divided into three types, according to 
tho types of conductor rails (see Chapter XXITI). In this country the 
top-contact conductor rail is generally used, and a typical collector shoe 
is illustrated in Fig. 236. Tho contact shoo is supported by a pair of 
links from two castings bolted to a “ shoe plate,’’ the latter being fixed 
to an insulating support attached to the axle boxes or tho motor frame. 
Tho links allow of vertical motion of tho shoe, and the lowest position 
of the latter is adjustable by means of the serrations on tho shoe-plate 
and the supporting castings. Tn most cases thti weight of the shoo is 
of tho order of 30 to 40 lb., which is sufficient to ensure satisfactory 
contact between the shoe and conductor rail. Under normal conditions 
a shoe of the type illustrated is capable of collecting about 2000 amperes 
at speeds up to 30 ml.p.h. 

Wlicn tho conductor rails arc located outside tho track rails, the 
collector shoes are attached to an oak beam, which is fixed to tho axle- 
boxes, or to a part of the truck frame directly connected to the axle- 
boxes (o.g. the equalizer bars in an equalized bogie). In tho other position 
of tho conductor rails (i.e. between tho track rails) the collector shoo 
is either attached to an oak block (which is bolted to a bracket fixed 
to tho motor frame) or to an oak beam at the end of tho truck, this 
beam being connected to longitudinal channels carried from the aiS:le- 
boxes. It should be noted that, when passing round curves, the trans- 
verse movements of the shoes will be the greater the greater the distance 
the shoes are from the pivotal centre of tho truck. 

A typical collector shoe for an under-contact conductor rail is illus- 
trated in Fig, 237. The contact portion or slipper E is hinged to a 
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bracket Z>, which is bolted to the shoe-plato P, and the pressure between 
tto slipper and the conductor rail is obtained by springs. The extreme 
positions of the slipper are limited by stops. This type of eollector shoe 



Fig. 236. — Colloctor Shoo for Top-contact. Conductor Rails. 
(B.T.-H. Co.) 



Fig. 237.- Collector Shoo for Under-contact 
Conductor Rails. (13.T.-H. Co.) 

has also been developed for use with the top-contact type of conductor 
ra|^. 

A collector shoe for a side contact conductor rail is illustrated in Fig. 
238. The cast-steel contact shoo is hinged to a bracket which is bolted 
to a vertical serrated shoc-iilate, the latter being fixed to an oak beam 
carried on lugs from the axle boxes. The shoo is pressed against the 
contact surface of the conductor rail by a spiral spring, the normal 
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pressure between the contact surfaces being 25 lb., and the transverse 
motion being limited by stops. The upper portion of the shoe is com- 
pletely protected by jarrah wood, the lower edge of the protection being 
only 4| in. above the protection on the conductor rail. 

Bow and pantagraph collectors. An essential condition in the collection 
of current from an overhead conductor is that the collector shall maintain 
contact with the trolley wire at all speeds. Hence the collector must 
follow instantaneously any irregularities in the level of the trolley wire, 
and therefore, with an ordinary suspension, a collector of very small 
inertia (e.g. a trolley wheel or a light bow) must bo employed. But, 
although the trolley-wheel collector* is used (on account of its cheapness) 



Fio. — ColU'ftor Shoo for 1200-volt Si<l(*-coiitact Conductor Rail (Maiu'lM'stor- 

Bury Soctioii, L.M.S. Railway). Tho .shoe is shown in position against the 
conductor rail, and the ellicieiit maimer in wliicli tho latter is 7 )rotcctcd 
sliould ho noted. (Tlio protective covering over the ujiper port of th(* jhoe 
is not in posit ion.) 


to some extent on inter-urban railways in America, its use on a large 
railw^ay system could not be tolerated, both on account of the complica- 
tion involved in the overhead conductors and the liability of the trolley 
wheel to leave the trolley wire. In practice, therefore, a bow or panta- 
graph collector, together with a level trolley wini, must be employed. 
The bow collector has the smaller inertia, but is not so readily adaptable 
to tho collection of large currents as the pantagraph collector. Moreover, 
the bow collector must always be run trailing. Hence for reversible opera- 
tion, either duplicates bows or a reversing bow must be employed. On tho 
other hand, a pantagraph collector is reversible, but, on account of its 
greater inertia, requires a greater pressure to maintain contact with tho 
trolley wire than a bow collector. 

The collector, whether bow or pantagraph, is usually maintained in 

* Tlie current -collecting capacity of the larger wheels may bo as high as 800 
amperes at low speeds. With a level trolley wire, currents of 200 amperes have been 
collected at speeds of from 50 to 60 ml.p.h. 
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contact with the trolley wire by means of springs, while the raising and 
lowering operations are performed by air cylinders. 

A typical bow collector is illustrated in Fig. 239. Collectors of this 
type were formerly in service on the single-phase, 6600- volt, suburban 
lines of the London, Brighton, and South Coast Railway (now a portion 
of the Southern Railway and converted to direct -current working). The 



Fifj. 2H9. — l?ow rolloctor for Single-]>liaso Motor-ooafli. 


bows operate over a wide range of positions, the lowest position of the 
trolley wire being about 14 ft. above the rails, and the highest position 
21 ft. Separate bows are provided for each direction of motion, and the 
bows, when lowered, lie inside each other. Each bow consists of a light 
tul\ular framework fixed to a shaft, which is carried on a channel-steel 
framework supported upon a double set of porcelain insulators. The top 
portion or ^contact strip is renewable. It is of aluminium and is grooved 
for the reception of a lubricant (a mixture of vaseline and graphite). 
Normally a contact strip had a service life of about 6000 miles. 

The bow is maintained in the raised position by means of an air 
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cylinder acting against a set of springs, the piston-rod and springs being 
connected to levers on the shaft (the piston-rod being insulated from the 
shaft). The springs and levers are arranged to give a uniform pressure 
(of about 12 lb.) between the bow and the trolley wire over the whole 
operating range. 

The air cylinders are supplied with compressed air* from a distri- 
buting valve, which is operated by the reverser, so that the bow in 



Fi(i. 240. Motropolitan-Vickera l^antagraph Colle(;tor. 


contact with the trolley wire corresponds to the position of the reverser. 
Thus, when the train is reversed, the bows change over automatically as 
soon as the reverser is thrown to the “ reverse ” position. In changing 
over, the second bow is raised before the one in contact with the trolley 
wire is lowered. 

When a single bow collector is required to operate in both directions 
of motion, the upper portion of the framework is fitted with a small 
reversing bow, which is spring controlled independently of the mbin 
framework ; the latter being controlled by springs and air pressure in 
the usual manner. The auxiliary bow forms the current colle(Jfcor proper 
and accommodates itself to slight variations in the height of the trolley 

♦ A hand puinp is provided for raising the bow when there is no air supply. 
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wire, large variations in height being taken care of by the main frame- 
work. Bow collectors operating on this principle are shown in Fig. 347 
(p. 484). In this case (which refers to a three-phase railway) the main 
framework of each collector is fitted with two auxiliary bows, which are 
insulated from the framework, since the wires with which they make 
contact belong to different phases of the supply system. 

A pantagraph collector for heavy-current locomotive service is illus- 
trated in Fig. 240. The view shows the collector in the normal operating 
position. Details of construction arc as follow — 

The contact portion consists of two pressed-steel pans A, of channel 
section, each of which is fitted with two renewable copper strips which 



Fio. 241. — Hrowii-Boveri Pantagraph Collector for Singlc-phaso 
Locomotives. 


form th(j current eolkjctor proper. The pans are attached to light alu- 
minium castings, which are pivoted to the top of a pentagonal framework, 
the castings being so designed that they will break in the event of the 
pans fouling any obstniction. The castings are spring-supported and 
allow the pans limited swivelling and vertical motions. The pans are, 
therefore, able to follow small irregularities in the level of the trolley- 
wire without any movement of the pantagraph. 

The pantagraph framework is constructed of high-grade, light-gauge, 
steel tubing, with four sections, which are jointed at the corners. The 
lower sections are fitted to shafts, which are carried in ball bearings fixed 
to the main framework, the latter being fixed to the supporting insulators. 
Each shaft is fitted with two cranks, one (B) being located at the end of 
thtf shaft, and the other (C) between the bearings. The cranks B are 
connected to springs D, which are adjusted to balance most of the 
dead weight of the moving framework and pans. The other cranks (C) 
are connected by springs E to corresponding cranks fitted to counter- 
shafts, which are actuated by single-acting pneumatic cylinders F, such 
that when air is admitted to these cylinders the springs E are stressed 
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locomotives. Two auxiliary bows arc fitted, this arrangenu^nt being 
adopted in cases where a single collector is employed on a locomotives. 
The distance apart of the bows is sufficient to bridge the section-insulators 
in the trolley wire, thereby avoiding flashing at thes(» points. A furtht'r 
feature is the central arrangement of the springs and operating cylindeT, 
and the protection of these parts by a cover. 

Collectors of these ty})es are used to a considerable extent on European 
single-phase railways and are preferred to pan pantagraphs. They have 
given very satisfactory service on the largest single-phase (15,000 V.) 
locomotives in operation on these railways. 

For direct-current railways, operating at 1500 and 3000 volts, the 
pan type of pantagraph collector is usually employed on account of its 
greater current-collecting capacity. Pans of the form illustrated in Fig. 240 
can readily be designed for collecting the currents required by the largest 
direct-current locomotives. For example, currents of 2000 amperes have 
been collected at speeds of 40ml.p.h. by a collector having two pans 
(with inserted copper bars), each pan being 5 in. wide by 42 in. long. 

PoWICR SoPPLY FOR BrAKKS AND VENTILATING APPARATUS 

Power brakes* require either a supply of compressed air or means for 
creating and maintaining a vacuum. In the former case an electrically- 
driven compressor and air reservoirs are required, together with moans 
for controlling the motor so as to maintain the air pressure within 
prescribed limits, fn th(^ latter case a vacuum pump, or exhauster, is 
requircid, together with means for controlling the speed of the motor to 
give the degrees of vacuum (h^sired. 

Compressors. The com[)ressor is usually of the single-stage two-cylin- 
d(‘r, single-acting ty[)o, and is diri^ctly connected to the motor. With 
compressors for motor-coaches, a moderate speed motor is ado])tcd in 
order to reduce tlu* weight, and the compmssor is drivtm through double- 
helical spur gearing. 

The single-stage compressors for use on motor-coaches and loco- 
motives are built in capacities up to 100 c. ft. (piston displacement) 
per minute at normal air pressure (80 to 90 lb. per sq. in.). Larger com- 
pressors are of the two-stage type, with three or four cylinders and an 
inter-cooler between the low- and high-pressun^ cylinders. 

Fig. 243 shows tlu' general construction of a geared single-stage com- 
j)ressor, a larg(i number of which are in service on the locomotives of the 
Swiss F( d(‘ral Railways. The air is drawn tli rough a hair Alter A into the 
crank case, from which it passes into the cylindt'rs through inUd valves B 
located in the tops of the pistons. The delivery valves C arc located in the 
cylinder heads, to which the delivery pipt^ D is connected. The 
lubrication is automatic ; self -oiling rings being employed for the crank- 
shaft bearings, and a gravity system, with sy})lion feed, fc^r the crank-pin 
bearings and pistons. For example, the (thick) cylinder oil is contained 
in a reservoir adjacent to the cylinder heads, and is heated by passing the 
compressed* air from one of the cylinders through channels E in this 
reservoir. Th(» oil then syphons through the wick F and the pipes G to 

* A description of the mechanical equipment for compivss.Ml nir and vacuum 
brakes is given at the end of Chapter XVI. 
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hollow ehambors H in each end of the crank-shaft, from which it is dis- 
tributed, by centrifugal force and the ducts to the crank-pin bearings. 
The surplus oil is thrown into the crank-case and mingles with the air 
(mtering the cylinders, thereby prf)viding lubrication for the gudgeon 
pins, valves, and pistons. The gearing is located inside the crank-case, 
and the driving motor M is mounted on an extension of the bedplate. 

The motor is of the series type whether the supply is direct or alter- 
nating. Singki-x)hase motors for this service are now built with only 
exciting and commutating-pole windings after the manner of modern 



b"ia. 243. OerliUoii single-stago Air Cornprossor for 
Locoiriotivos. 


traction motors. In all cases the motor is controlled by a single con- 
tactor which is actuated by air pressure. In some cascss, howcjvcr, the 
compressors are of the rotary typ(^ 

Automatic pressure regulator. A sin)])le 2 )ressure regulator or governor 
for controlling a small compressor motor operating from a low-voltage 
(600 V.), direct-current circuit, is illustrated in Fig. 244. The operating 
mechanism consists of a piston A, which is pressed against a diaphragm 
B by a strong spring C, the other side D of the diaphragm being con- 
nected to the main reservoir. The piston operates the contactor E 
through a linkwork which is designed to give a quick closing and a quick 
opening action to the contacts. The governor is designed so that the 
contactor will opcm at a given air pressure and close when a slight 
reduction in pressure takes place, the difference between the opening and 
closing pressures being adjustable between 8 and 15 lb. per sq. in. The air 
pressure at which the contactor opens depends on the compressive force 
of the spring, and the latter can be adjusted, within certain limits,* by 
means of suitable screws in the closed end of the cylinder. Tlj^ contactor 
is provided with a magnetic blow-out and connects the motor directly 
to the circuit, the motor being designed so that the initial current-rush 

* The Htandard limits are : 40-00 ; 65-100 ; 100-140 lb. per sq. in. 
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on a 600- volt circuit docs not exceed about twice the normal running 
current. 

Fig. 245 shows an automatic pressure regulator which is adjustable 
over a large range of pressure and can be adapted to control the largest 
motor-driven compressors employed on locomotives. The contactor is 
actuated on the servo-pneumatic principle under the control of a spring- 
loaded diaphragm, and provision is made for non-automatic control when 
this is desired. A numljcr of types of contactors are available accord- 
ing to the operating voltage and the nature of the current ; typical 



Fuj. 244.- J^.T.-Ff. (Typo ML) (Jovemor for 
CViiitrolling Air-coiiiprossor Motor. 


direct- and alternating-current type.s are shown in Fig. 245. In all castes 
the contacts operate with a quick make and break, the closing being 
effected by springs and the opening by air pressure. 

The operation is as follows: The chamber A, above the diaphragm i/, 
is supplied with air from the reservoir, which tends to depress the dia- 
phragm against the action of the spring C, the initial compression of 
which is adjustable by the sleeve-nut D. A striking lever, E, is fixed to 
the upper spring-plate and may engage cither of the adjustable tappets 
F 2 i which arc attached to the spindle of the exhaust valve O, If the 
compressor is running, and the pressure in the reservoir is rising, the 
striking lever will be moving downwards towards the lower tappet, and 
the valve 0 will be open to atmosphere, duo to the upward force of the 
flat* spring //. When the lower tappet is engaged this valve is closed and 
the spring-loaded inlet valve J is opened by the downward movement 
of 0 and H. Compressed air (from the reservoir) is then admitted to the 
chamber K above the valve 0, and thence through ports to the underside 
of piston L, which is forced rapidly upwards, thereby opening the con- 
tactor M, and stopping the compressor. The air supply is maintained to 
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the chamber K and under the piston M until the upper tappet is engaged 
(due to the pressure in the reservoir having fallen) by the upward move- 
ment of the striking lever E. Valve 0 is then opened, and valve J 
automatically closes. The chamber K is thereby connected to atmosphere 
and the release of the air pressure from the piston L causes the contactor 
to close automatically by the action of springs. 

Non -automatic operation of the pressure regulator is obtained by 
means of a special three-way cock in conjunction with an external 



Fr(i. 245. Hrown-Boveri Automatic Pressure Ue^nlafor. 

^’oTK. — 'riic rf{?uhitor shown in Inf t-liand illustration is for controiiiiiK a 1,5()0-V. dirnct- 
nurnjiit motor, tint sliowii in the rigid -liand illustration is for a 220- V. singln-pliaso motor. 


connection to the chamber K. When the contactor has been opened in 
the ordinary way by the pilot valves the cock is moved to a second 
position, which shuts off chamber A from the r(\servoir and opens the 
underside of piston L to atmosphere, thereby causing the contactor to 
close again and the compressor to re-start. The compressor is stopped by 
moving the cock to a third position which admits compressed air to the 
underside of piston L, • 

Exhauster. The exhauster or vacuum pump (which is used with vacuum 
brakes) is usually driven by a slow speed motor through a spring coupling. 
In some cases the motor is run continuously at slow speed (for the purpose 
of maintaining the vacuum), and is automatically switched over to full 
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speed when the brake valve is moved to the “ off ” or “ release ” position. 
In other cases the motor is controlled by an automatic governor, which 
is arranged to start the motor when the vacuum falls to 15 in. 

Ventilating plant. Blowers are required on locomotives when forced- 
ventilated motors are used. In some cases a single blower is employed 
which delivers air at a small pressure (6 to 8 in. of water) into a central 
duct — built into the uiiderframe of the locomotive body — from which it 
is distributed to the motors. In other cases, with large frame-mounted 
motors, a separate blower is provided for each motor. The blowers are 
then mounted on the motor frames, and two or more blowers are coupled 
togc^ther and driven by a single motor. The motor is of the series typo 
and is controlled by a single contactor when the supply is direct. With 
low-voltage, single-phase blower motors, each driving two or more 
blowers, two-step starting is employed. The control switch is in this case 
connected in the main circuit of the motor, and the starting resistance 
is cut out automatically when approximately half speed is n^ached by a 
“ counter E.M.F.” contactor (the operating coil of which is shunt wound 
and is connected across the brushes of the blower motor). 

Power Supply eor Auxiliary Circuits 

The auxiliary circuits requiring a supply of cunent an^: (1) control; 

( 2 ) motors for driving the compressors, exhausters, and blowers ; 

(3) lighting ; (4) heating. 

With single-phase equipments these circuits are supplied from tappings 
on the main transformer, a voltages of about 220 volts being employed for 
the auxiliary motors, and also for the control and lighting circuits, 
except in (jases wluu'e a low-voltage, direct-cun-ent, train- lighting system 
is already in existence. TIk^ train-heating circuits an^ usually supplied 
at a voltage between 600 and 1000 volts, in order to limit to moderate 
values the current to be carried by the heating bus-liiu^ cable and couplers, 
as in some cases from 300 to 400 kW. may be required for licating [)ur- 
]>oses. Usually threes tappings are provided in order that the d(‘gree of 
iieat may be varied w'hen desired, the control switch being located in the 
driver’s cab. 

With high-voltage, direct-current equipments the compressor, ex- 
hauster, and blower motors are usually supplied directly from the traction 
circuit when the voltage does not exceed 1500 volts, but for higher 
voltages these machines are supplied at low voltage (100 to 125 volts) 
from a motor-generator set, whicli also supplies the control and lighting 
circuits. In sonu* 1500-volt installations in America, however, the control 
and lighting circuits arc supplied at 600 volts. In tlu^se cases, on account 
of the low ratio of the primary and secondary voltages, a dynamotor ” 
or “ reducer ” is more efficient and h^ss costly than a motor-generator 
set for supplying the 600- volt circuits. 

'Dynamotor or reducer. In this machine tht? gcTierator armature is 
connected in series with the motor armature, and therefore a portion of 
the curreilt (viz. the armature current of the motor) required by the 
control and lighting circuits is obtained directly from the supply system. 
The arrangement is, in fact, similar to that of an auto-transformer. The 
reducer is usually built with a common field frame and armature core 
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which is wound with two windings. The ratio of turns in those windings 
is approximately equal to the ratio (F - 600) : 600 = (F/600 - 1) : 1, where 
V is the line voltage and 600 is the voltage required by the control and 
lighting circuits. For this service the machine is usually provided with 
two series windings and a shunt winding — connected as shown in Fig. 246 
— the connection to the lighting and control circuits being taken from the 
junction of the two series windings. When there is no load on the low- 
voltage circuit, both armatures operate, in series, as motors and all the 
field windings act cumulaiiv(ily, the excitation being derived almost 
entindy from the shunt winding. When the low-voltage circuit is loaded, 
the armatures connected to the lino acts as a motor, and the other armature 

I 
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X 

V 

Fi(}. 240. -Diagram of Circuits of Dynamotor. 

acts as a gcn(?rator. Moreover, the series field winding connected in the 
generator cinjuit now acts differentially with respect to that of the 
motor and the shunt winding. By suitably proportioning the two series 
windings, the flux and speed can b(^ maintained practically constant at 
tall loads. 

In America tlu* dynamotor has been combined with iho compressor 
and the blower, the latter being mounted on an extension of the armature 
shaft, while the former is driven through a pneumatically-operated 
clutch controlled by the air pressure in tht^ main reservoir. In this 
manner a considerable saving in w(Ught and space is obtained. Of 
course, with a machine of this typo the speed will not remain constant 
at all loads, but will be lower when the compressor is working, due to 
the additional series field ampere-turns produced by the motor. 

Rotary transformer. When the lighting and control circuits are to* be 
supplied at 100-125 volts, and the auxiliary motors operate direct from 
the 1500- volt traction circuit, the low- voltage power demand is» relatively 
small and may not exceed 2 kW. with motor-coach trains. In those cases 
(especially when the voltage of the traction circuit is not subject to large 
variations) a rotary transformer is to be pnfft^rred to a motor-generator 
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set on account of its light weight, cheapness, and higher efficiency. This 
machine is similar in construction to a reducer (i.e. it has a single frame 
and armature core), but the high-voltage and low- voltage circuits are 
not interconnected. The motor portion of the machine must, therefore, 
be designed for the full line voltage, and also to withstand being switched 
directly on to the supply at starting. The field windings are arranged 
similar to those of the reducer in order to obtain approximately constant 
flux and speed at all loads. 

Motor generator. When the whole of the auxiliary circuits, except 
the heating, are to be supplied at low voltage, the power demand may 
reach 30 or 40 kW. in the case of a largo locomotive with forced-ventilated 



Kkj. 247. Fi({. 248. 

OonrKjotions of Self-ro^Milating Motor-^joiioraior Sots, (nrowii-liovori 
and 

<.’oiniimtjitiii«-i>olo winding; Sh, shunt winding; S, .S’,, S2, .s»*rii\s winilings.) 

motors. Tn these cases motor generator sets must bc^ emj)loyed. To 
simplify the starting apj)aratus the motor must start as a series machine. 
Unless a permanent load (e.g. a blower) is connected to it, the motor 
must have additional excitation to prevent large changes of speed with 
variation of the generator output. This additional excitation may be 
supplied either by the generator or by an exciter. 

Self-regulating motor generators. On main-liiuj long-distanci? service 
the voltage of the lighting circuit must be maintained constant irrespec- 
tive of voltage fluctuations in the traction circuit. This could be effected 
by providing a spt^cial lighting motor-generator sot (of small output) 
and controlling the voltage by an automatic regulator. But a more satis- 
factory solution is to incorporate features into the main motor-generator 
set so that the gencTator voltage is maintained constant even with large 
variations of the supply voltage. Two schemes which have been developed 
for this purpose will now' bt? considered, the connections being shown in 
Figs. 247, 248.* 

In the *Brown-Boveri method an exciter is employed the magnetic 
circuit of which is worked at low magnetic saturation. The connections 
* J^oih of these schemes are patented. 
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are kIiowii in Fig. 247. The gc'iierator, G, is an ordinary compound -wound 
machine, giving constant voltage when driven at constant speed. The 
motor, M, has two Held windings, viz., a main series winding and an 
auxiliary separately-(ixcited winding which is connected across the 
armature of the exciter. The function of the separately-excited winding 
is to maintain th(^ speed of the set approximately constant irrespective 
of variations of the supply voltage. The exciter has also two field wind- 
ings, viz., a self-(‘xcited shunt winding and a separately-excited (series) 
winding connected in th(} motor circuit. 

The resistance of the shunt winding of the exciter is so adjusted that, 
in eon] unction with the unsaturated magnetic circuit, any variation of 



Kkj. Ji.l’.-H. Sell-regulating JVlotor-gciioratur Set, Upper Half 

of Frame Opened. 


speed from the normal value causes a large variation of the armature 
voltage, a rise of speed causing a rise of voltage, and vice versa. This 
voltage variation produces corresponding variations in the current 
supplied to the separately -excited winding of the motor, and by suitably 
proportioning the ampere-turns supplied by the two windings the speed 
can be maintained practically constant over a wide range of load and 
line voltage. For example, with a particular set and a line-voltage varia- 
tion of 60 per cent, the variation of speed at full load was about 3*5 
per cent, and the variation of generator voltage | 4-6 per cent. At no 
load the variations wore slightly smaller. 

The connections of the B.T.-H. self-regulating motor generator are 


ELECTRICAL EQUIPMENT FOR LOCOMOTIVE!^ 349 


shown ill Fig. 24S, and a typical mi is illustrated in Fig. 249. The set 
consists of a differentially-compounded motor, M, coupled, both mechani- 
cally and electrically, to a cumulatively-compounded rotary transformer 
T, the two motor elements of the set being connected in series with each 
other. For 1500-volt circuits, the motor M is a, single -commutator 
machine, but for higher voltages this machine would be built with two 
armature windings and commutators, which would be connected per- 
manently in series. 

In Fig. 248 the armature of the motor {My Fig. 249) is denoted by .4,, 
and the three; excitation windings of this machine by Shy S^^, Of tliese, 
the series winding S^ is employed for starting, and is short-circuited 
automatically by a contactor when the set attains normal speed. The 
motor then runs as a differentially compounded machine, the differential 
series field winding S 2 carrying the generator current. 

The rotary transformer ( 7\ Fig. 249) is cumulatively compounded ; the 
shunt field winding being connect(;d across the motor armature A 2 , and the 
series winding being connc;cted in the motor circuit. 

A permanent resistance R is connected in the “ line; ” circuit to prcvc;nt 
violent fluctuations of the; lino voltage^, causing fiashovers at the commuta- 
tors of the motor elenu;nts. 

With this arrange* ment of machines and connections the* pc^rcentage 
variation of voltage at the; terminals of the generator Ccan be made con- 
siderably less tlian the variation of line voltage. For exam])le, with a 
particular set, a variation of line voltage* from 1,500 to 1,000 volts caused, 
at full load, a corres].)onding variation of generator voltage from 132 to 
US volts. The (orresponding variation of speed Avas from 1,460 r.p.m. to 
1,275 r.p.m. 



CHARTER XV 

ROLLING STOCK FOR TRAMWAYS AND RATLLESS ROUTES 

r. Tramways Rolling Stock 

The double-deck car, mounted on either a single truck or bogie trucks, 
is use‘d almost exclusively on tramways in this country. l"hc upper deck 
is usually covered and the sides are provided with drop sashes. 

The single-deck car has a limited application in this country and is 
adopted where the conditions are unfavourable for double-deck cars. 
In America and on the Continent, however, the climatic conditions 
necessitate a closed car, and the doubh^-dcck (;ar is the exception. More- 
over, in some American cities there is insufhcic^nt head room for the 
ordinary double-deck car, and the recent introduction of this type of 
car in New^ York required a special design, having a total height of 
12ft. loin, (against 16ft. for a standard British design). The type of 
car is, of course, largely influenced by the traffic conditions, which in 
America require a car which can be loaded and unloaded in the minimum 
time. 

Choice of car. The more important considerations which affect the 
choice of a car for a tramway system are: (1) gauge, curvature, and 
contour of the track ; (2) height of the lowest bridge from the track ; 
(3) class of traffic. 

The gauge influences the total width of the car body, and, conse- 
quently, tlui passenger accommodation. With the usual arrangeimmt 
of longitudiTial side-seats on the lower deck, the width of the car will 
affect th(^ gangwaj^ but not the seating accommodation. On the upper 
de(;k, however, wiuire the seats are arranged transversely, the seating 
capacity will ho considerably restricted on narrow-gauge linos. Thus, 
willi standard (4 ft. 8 J in.) gauge, four passengers can be comfortably 
accommodated in each row, but with 3 ft. gaug*" it is only possible to 
accommodate two passemgers in each row (unli*ss the gangway is made 
vory narrow). The wddth of the car is governed, to some extent, by the 
width of the street, as it is necessary to provide a minimum clearance of 
15 in. between passing cars, and between cars and any standing work. 
With standard gauge the maximum width of car allowed is about 7 ft. 

The curvature of the track affects the wheel base, which, with single- 
truck cars, affects the length of the car. A curve of 30 ft. radius can be 
negotiated by a single-truck car vdth a rigid wheel base of 6 ft., but to 
avoid excessive track wear tlie wheel base should not exceed 5 ft. 6 in. 
Thus, when this type of truck is adopted, the length of the car is restricted. 
If the nature of the traffic warrants a larger car, either double (or bogie) 
trucks or a radial truck must be employed. 

The contour of the line affects not only the car but also the electrical 
and braking equipment. Light single-truck cars are alone pcjrmissible 
on heavy gradients. 

The height of the lowest over-bridge on the system affects the head 
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room on each deck, and exceptionally low bridges may necessitate the 
use of single-deck cars. 

The class of traffic is usually the feature which decides the length of 
the car. Heavy traffic requires large cars mounted on bogie trucks, but 
if heavy gradients have to be negotiated, smaller, single -truck cars may 
be necessary. 

Tkamcars 

Typical British cars. A modern double-dock car mounted on a single 
truck (of the Pcckham swing-axle type) is shown in Fig. 250, and the 
principal dimensions, weight, etc., are given in Table IX. The car is 

TABLE IX 

Data of Tramcars and TROLLEV-HirsES 


Trainc-ars (Double Jiiul). | Buses. 


Rftfercncc* 

CDDS 

! CDDH 

i son 

1 LWSDS 

1 SDCE 

1 CDD 

Length over all . 

ao' 0* 

33' 10* 

33' 9* 

33' 44* 

26' 0* 

26' 0* 

Length o! body (over corner 
posts) .... 

16' 4* 

1 22' 

2* 

24' 10* 

22' 8* 

25' 0* 

21' 0* 

TiCngth of each platform . 

6' 0* 

.5' 10* 

3' 84 

4' 10' 

4' 0*t 

4 3'§ 

Width over all (maximum). 

7 op 

r 

1* 

6 10* 

8' 4* 

7' 4* 

7' 4* 

Clear height of loAvcr saloon 
at centre 

6' 4" 

6 

22* 

8' 12*t 


6' 3* 

6' 2* 

Clear height of upper saloon 
at centre 

Height of floor above rail . 

6' lOP 
2' 10* 

6' ir 

2' 94* 

2' 94* 

2' 4* 

2' 10* 

6' 2* 
2' 10* 

Total height to top of trolley- 
board (from rails) . 

15' 8* 

15 84*' 


10' 8 

9' 8* 

15' 2* 

Total height over dwarf 
trolley standard (from rails) 

16' r 

16' 14* 


.. 

10' 9* 

16' 3' 

Number of seated passenger^ 
(lower deck) . 

22 

32 

36 


36 

27 

14 umber of seatcdpassengcrs 
(upper deck) . 

36 

46 


1 1 

1 

two axle 

' 28 

Class of truck . 

Peckhani 

maximum 

maximum 

coinpositi* 

three axle 

Wheel-base 

r 6* 

traction 

4' 6' 

traction 

4' 6* 

radial 

12' 0 

chassis 

15' 6 

1 chassis 
15' 6* 

Diameter of wheels 

32P 

4 31 i* 

aip) 

28* 

40* 

40* 

(/outres of bolsters 


} 2ir 

JO' 0* 

2ir 5 

ID' 6* 




Motor equipment 

2-40 h.p. 

2-60 h.p. 

2-50 h.p. 

2- 50 h.p. 

J-50 h.p. 

1-60 h.p. 

Weight of car cquiprwd 

lOJ tons 

14f tons 

144 tons 

104 toii.s 

7 tons 

8 tons 

Weight of car with passengers 

14i tons 

102 tons 

1G| tons 

124 tons 

04 tons 

114 tons 


• ODDS, British Standard covered double-deck, single-truck c-Jir; L.C.(^ covered double-dock 

l)ogie car; Sn/i, L.C.C. singic-dcck bogie car; L\VSJ)S, Brill standard liglit-Avcight single-deck, singlc- 
(ruck car with high-speed frainc-mounted motors, double reduction gc.iring and cardan-shaft drive; 
SPCE^ single-deck, centre entrance Irolloy-bus; (-DD^ covered doublc-d(M-k trolley-bus (rear entrance), 
t Clerestory roof, t Centre entrance. § Platform at rear only. 

provided with a covered top deck and vestibultHl platforms on the 
lower deck. 

The standard doiible-di^ck bogie car of the London County Council 
Tramways is shown in Fig. 251, data of which arc given in Table IX. 
This car is provided with both trolley and plough collectors (the latter 
being removable) for operation on the overhead trolley and conduit 
sections of the tramw^ay system. 

Construction. The car body is built principally of wood. 

The underframe of a single-truck car is constructed either of oak 
(with the principal members reinforced by steel sections or steel plates), 
or entirely of rolled steel sections ; but that of a bogie car is constructed 




Fig. 250. — Modem British Double-deck Car with Covered Upper Deck and Vestibule (Built by the 

Brush Electrical Engineering Co.). 
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entirely of steel sections, as, in this ease, the entire weight of the car must 
be supported at two points, viz. the truck bolsters. 

The floor is of pine boards, with slats of hard wood for wearing purposes. 
Two or more removable traps are fitted over the motors to allow the 
latter to be inspected. 

The roof of cars which are equipped with trolleys must be specially 
reinforced to withstand the strains produced by the trolley. It is the 
usual practice to fix the trolley to a “ trolley board,” extending nearly 
the whole length of the roof, and to construct the latter with alternate 
car-lines of steel. 

In order to comply with statutory regulations, cars oi)erating on 
British tramways must be provided with life guards, head and rear 



Fta. 252. — Centre-entrarict*, Siiij;lo-cl<'ck, “ vStopless ” Car, built by tlio J. G. 
Prill Co. for the New York Conduit Tramways. 


lights, destination indicators, gongs, mechanical brak(‘s, and sanding 
gear. 

Centre-entrance, ** stepless” car. In large American cities the traffic 
conditions require a car which can be loaded and unloadc^d in a minimum 
time, and in which a largo number of standing passengers can be accom- 
modated. Moniover, it is customary to collect the farces of tlio passengers 
either upon entering or leaving the car. These features have resulted 
in the development of a centre-entrance car having an exceptionally low 
floor at the entrance. 

A typical car is shown in Fig. 252. The car body and underframe are 
of steel, and the floor, window-posts, head-lining, and roof boards are of 
wood. The floor at the entrance is only 10 in. above the track rails, and 
at the motorman’s compartments it is raised to 2 ft. 8| in. so as to clear 
the motors. At the ends of the passenger compartment, however, the 
floor is 16 in. above the rails. The low floor has necessitated the use of 
trucks with exceptionally low bolsters, the top of the bolster being only 
12J in. above the rails. 

A number of double-dc^ck cars have also been constructed with the 
centre-cmtrance, stepless filature. These cars are also in service in New 
York, and have had to be designed with the very low overall height of 
12 ft. 10 in., in order to clear the viaducts of the elevated railways. 
These cars accommodate an exceptionally largo number of standing 
passengers — 42 on the lower deck and 41 on the upper deck — although 
the seating capacity (88) is only slightly great^^r than that (78) of the 
large double-deck cars on the London County Council tramways. 
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Modem tendencies in car design. Tho cars illustrated in Figs. 250, 
251, when equipped with axle-mounted motors, are considered by some 
tramway engineers to be unable to meet successfully the demands of 
modem traffic in large cities, particularly when competing motor omni- 
buses operate over tho same routes as the traracars. A number of designs 
have accordingly been evolved with the object of (1) increasing the speed 
of loading and unloading, (2) reducing the weight of tho car without 
reducing tho strength and seating accommodation. 

Tho first item, in so far as British cars are concerned, involves low- 
floor, or stepless, platforms and means for quickly distributing the pas- 
sengers to the lower and upper saloons. 

The weight of the car body may bo reduced by the use of aluminium 
for the plating, panelling, mouldings, and interior fittings. A saving in 
the weight of the motors and trucks is possible by adopting high-speed 
motors (i.o. machines in which the armature speeds are approximately 
double those in general use), but in lliis case either double-n^duction spur 
gearing or worm gearing must be employed. J^oth forms of gearing are 
now available for tramcar equipDumts. 

Recently a cardan shaft drive haifbecui proposc'd, in which the (two) 
motors are wholly spring sup])orted (by being mounted on a sub-frame 
fitted to the centre of tlie iinderframe of the car), and the power is trans- 
mitted through flexible couplings and cardan shafts to worm gearing on 
the driving axles.* 


Trucks 

Trucks for tramcars may be dividend into two classes, viz. (1) single 
trucks, (2) bogie trucks. 

Single trucks may be subdivided into three types, viz. (a) trucks 
in which the axles are maintained rigidly parallel (called rigid-axle 
trucks) ; (5) tnicks in which the axles are allowed transviTse oscillatory 
movemrmt (called swang-axle trucks) ; (c) trucks in wffiich the axles are 
allowx^d radial as w'ell as transverse movement (called radial-axle trucks). 

Bogie trucks may be subdivided into two types, viz. (d) the maximum 
traction or single-motor truck, in wiiicli the pivotal centre is displaced 
from tho centre of the truck towards the driving axle ; (e) the equal- 
wheel truck, in which the pivotal centre coincides with the centre of the 
truck. Each of these ty^jcs may be fitted w'ith either rigid or swing axles. 

The choice of the truck is influenced by the length of the car and 
the curvature of the track. Thus a ear 18ft. over tho body can be 
accommodat(‘d on a single truck with rigid or swing axles, provided 
that the curvature of tho track will alloAvof the use of an 8 -ft. wheel- 
base. .With the usual wheel-base of 6 ft., the length of the car is limited 
to 16 ft. over the body and 27 ft. over tho platforms. Longer cars, up 
to 23 ft. over the body and 33 ft. overall, can bo accommodated on 
single trucks with radial axles, but for cars of greater length bogie trucks 
must.be employed, tho wheel-base of which, for tramway purposes, is 
usually from 4 ft. to 4 ft. 6 in. 

Rigid-axle single truck. Tho esscuitial parts arc: (1) the truck frame, 
which contains the guides for the axle-boxes ; (2) the wheels, axles, and 
♦ See Tramway and Railway World y LXIII, 236, 240. 
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the axle-boxes ; (3) the su])ports for the ear body ; (4) the spring system ; 
and (5) the motor suspension. The relative positions of these parts are 
shown in Figs. 253, 254, whieh illustrate a truck in very extensive use.* 

The truck frame consists of two forged-steel side frames held 
together by the ('iid frames /^, and the (liagonal bractj (K In each side 
frame two yokes a?*(; fornu'd, which are machined to rcc(4vo the axle- 
boxes D. Tfi(* latt(‘r are provided with double “ wings ” or pockets for 
the rec(»])tion of the springs K, which su]>j)ort the side frames and 
everything conn(Mit(‘d tluTclo. 

The spring posts F, of which tluTe are four to ea(?h side frame, are 
connected together at the top by the “top ])lates ” f/— to which the 
side-sills (or solt‘-bars) of tiu* car body arc^ tixed and at the bottom by 
the truss rods H. The posts ])ass through hol(*s in tlie side frames, 
thereby maintaining car body and truck in their correct ])ositions, and 
taking all the thrusts bed ween th(‘st‘ memIuTs. 



Fkj. linll ‘‘ 21 Fi " Kiji’iil-axlo, Single 'rriick. 

The car body is su])port(‘d on the sid(^ frames by a e.ompound spring 
system, consisting of (‘ight s])iral springs J and four semi-elli])tic 
springs iC, the function of the latt('r being both to dam]) the oscillations 
of the car body Avhcui the car is running at rnodcTatc^ sp(*eds and to n^sist 
any side motion of the car body. 

The mo^or sns])(‘nsion bars L arc* supj)ortc*d on the side franu'S by a 
double set of sf)rings, and in this manner th(^ unsjuing- borne load on the 
axle is about 50 per cent of the weight of the motor. 

The axle boxes are of rnalh'able iron (or, in some* cas(»s, of cast steed) 
and contain a bearing liner, which rests on th(‘ upper part of the axle 
journal. Thci low'cr portion of the box forms an oil Avell, and the journal 
is lubricated on thc^ pad system. Rnd ])lay of th(‘ a.xle is limited by a 
check-platci which bears in a groove formed in the emd of the axl(\ A 
sectional view' of a typical axle box is show n in Fig. 255. 

The brake system providers for a s(‘])arat(^ brake block to each wdiccl, 
the brake blo(;ks being suspendc'd from a pair of links carried from 
brackets fixed to th(i end frames of the truck (see Fig. 254). A recent 
development is the f)rovjsion of spherical seals, wIktc the links are hinged 
to the bracket ts and brake shocks, thereby forming an automatic adjust- 
m mt for w^ear. The brake shoes for each ]>air of w-lu^els are fixed to 
transverse bars M (Fig. 254), called “ brake-beams,” each of ^vhich 
carries a fulcrum for the brake lovers N, to whicdi the pull-rods from 
the operating spindh^s on the ])latforms are attach(‘d. , 

The pr(*ssure betwcuui the brake shoes is e(]ualiz(Hl by means of the 

♦ Originally developed by tlie ,i. (i. JJrill I’o., and known as tlie “ 21 K ” Inick. 
It is also manufactured by several firni.s in this eountry. 



Fig. 254.-Outline Drawings of - 21 E ” Truck. XoTE.-Xhe extended truss-rods are only used with long 
(The dimensions, A — G* of a typical truck are given on p. 358.) 
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transverse bars 0 (called “ equalizing lovers ”), which are connected 
together by the adjustable rods R. At the centre of each equalizing 
lever is fixed a bracket which is connected to the brake lover by a 
pin Q. The brake shoes are released by the combined action of gravity 
and springs, the latter being attached to the brake beams and to some 
fixed part of the tru(jk, e.g. the wheel guards when spiral springs are 
used, and the end frames when flat springs are used.* 

When an application of the brakes is made from, say, the forward 
end of the car, tln^ front brake lever N turns about the fulcrum T, 
thereby moving apart the front brake beam and equalizing lever. If 
the ro(ls R are proi)erly adjusted, the front and tlu^ rear brake shoes 



Kic. 255.- Prill Axlo-box (Tramway Tyi>o). .l,CM)V(‘r; 
yi, chook-plate ; (U bearing ; y>, oiler ; 

E, fibre washer ; F, collar. 

will be moved towards the wheels, the rear brake beam being moved 
forward by means of the rear equalizing lev(‘r. As soon as the front 
pair of brake shoes touch the wheels, the front brake Ix^am becomes fixed, 
and the thrust is transmitted to the rear brakes b(*am through the rods R 
and the equalizing levers. Thus the whole of the brakc^s arc operated 
from one pull rod. The brake kjvers are duplicated in order that the 
brakes may be applied from either end of the (^ar. 

The following particulars refer to this truck-- 


Clauge. ....... 


ft. 

4 

in. 

Wlieol btiso (f , Fig. 254) .... 


6 

0 

Spring base of car- body si)riiigs (G) 


14 

6 

].,ong<h over top plates (F) . 


15 

7 

Width over top plates (A) . 


5 

0 

Centrc.s of tO]) plates and side frames (B) 


5 

H 

Width overall (D) 


7 

0 

Diameter of wheels ..... 



30 

Diameter of axk^s. ..... 



4 

Diameter of journals ..... 



31 

Height from track rail to top plates with empty (^ar 
position ...... 

body in 


U 

Weight without wheels and axles . 


3,000 lb. 


* See Fig. 258 for a detail view of tlin brake? gear. Although this illustration 
refers to a radial -axle truck, the goricral arraugemoiit of tlu? brake beams, equalizing 
levejTs, brake lovers, and pidl-ofE springs is identical witli that on a rigid-axle truck. 
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Swing-axle wngl** truck. This type of truck has been developed by 
the Peckham Truck Co. and the .j. O. Brill Co. The side frames and 
spring system are similar to those of the 21 E truck described above, 
except that, witJi the latest typ<i (P 35) of Peckham truck, the semi- 
elliptic springs in the 21 E truck arc replaced by cantilever springs in 
order further to reduce the tendency of the car to “ galh)p.” 

The swing-axle device, or pendulum par, is shown in Eigs. 256, 257. 
In one case (Eig. 256) th(‘ axU‘-box springs are of the laminated semi- 



elliptic type, and their stirrups are hing<“d to saddles which arc* ])ivoted to 
the tops of the axle boxes. In the tdher case (Fig. 257) the axh; boxes pe 
provided with side extensions, from which the axle-box springs am earru'd 
by swing links. Thus, in both cases, the axles can move laterally independ- 
ently of the truck frame, and car body, and can therefore adapt themselvps to 
irregularities in the track without transmitting the elTc'cts to the car body. 

Trucks of this typ<! are characterized by easier riding a,nd freedom 
from side oscillations. Moreover, the blows delivered to the^ rail head by 
the flanges of the wheels are considerably smallcir than with trucks of 
the rigid-axle type, so that the wear of the track and wheel flanges will 
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bo reduced. Moreover, the lateral flexibility of the axles will tend to 
prevent “ corrugation ”* of the track rails. 

In order that the transverse movement of the axle shall not be 
restricted by the motor suspension bars, these arc fitted with swinging 
links, as shown in Fig. 258. 

Radial-axle trucks. The term “ radial-axle truck ” is applied to a 
truck with two axles, which have a limitiKl angular motion in a horizontal 
plane, ind(^j)endent of the truck frame, thereby enabling a truck with a 
long wheel base to operate on curves of short radius. 

l'’wo general principles have been adopted in the designs for radial- 
axle trucks — omi in which the axle boxes are given freedom for move- 
ment in the side frames, by being suspended from certain points in the 
main truck frame ; and tlio other in which tAvo sub-trucks, each equipped 
with an axle and axle boxes, are pivoted to the main truck frame. 
Trucks built on the forttuT principle are less complicated than those of 
the sub-truck typ(‘, but do not possess such good radiating properties 
on shar]) c;urv(^s. Radial-axle truyks without sub-trucks have been 
d(^v(‘loped by the J. (il. Jhill Co. and the Peckham Truck Co. The latter 
lirm has succ(‘ssfully (l(n"('loped a radial-axle truck of the sub-truck type. 
Tvf)ical trucks are illustrated in Figs. 258-200. 

In all these trucks the side frames are provided with wide yokes (or 
])edestal jaws), so that tlu' axle box(*s can move longitudinally as well as 
latcTally. Tlu^ car body is attached to the top j^lates in the same manner 
as with the trucks previously described, but tlu^ thrust is taken by special 
blociks bearing against the upp(‘r part of the yokes. 

In th(' Peckham truck shown in Fig. 258 (which is (constructed without 
sub-trucks) the axh^ hoxen are provided with side lugs, from which the 
supporting frames (which carry the main truck frame) are suspemded by 
links with hemis])herical ends. The motor suspension bars an^ hinged to 
the truck fram(\ Ibuice tlu^ whetds and axlivs can adjust themselves to 
th(^ curvatun^ of th(^ track, and the axh^ can take up a position approxi- 
mately radial to th(^ curve*. In this position of tin; axle the links become 
incliiK'd and a couple is brought into (Operation, tending to restore the 
links to tluur normal (vertical) position when tlu* car leaves the curve. 
The brake gt^ar is a modilication of the standard brake gear for single 
tru(?ks, w ith f(*atures to alknv for the angular movement of thtj wheels 

The Brill truck (Fig. 259) is also constructed without sub-trucks, and 
is of the swing-link type, with tw'o fixed pivotal points (one for (*ach axle) 
on the centre line of the truck ; tlu^ pivotal points being attached to the 
motor suspension bars. 

The side frames are supported on sw inging links, which are hung from 
springs located in “ wdngs ” on the axle boxes. These links have the 
upper end in the form of a hemis})luTical head, and have two pins fixed 
in the lower end, th(^ pins engaging in groovi^s formed in the lower part 
of t*u^ frame yokes. Unclear normal conditions the links arc vertical, and 
each pin has a full bearing in its groove. When the axle is deflected, the 
• 

* Transverse corrugations of small depth are formed in the head of the track 
rails by the transverse movement of the wheels across the rail head. Other condi- 
tions, such as weight carried on the axles, diameter of wheels, etc., also influence 
the formation of corrugations. 



klectiuc traction 

linkti take up an inclined position, in which one pin in each link leaves 
its groove. In this position of the links the weight of the car, acting on 
the pins, exerts a couijle tending to restore the Jinks to the normal 
position. By means of the motor frames and the suspension bars the axles 
are pivot(‘(l to two king pins, which arc fixed to the cross frames and are 
locat('d on the centres line of the truck. 

When the car is I’ounding a curve, the centrifugal force acting on the 
car body is transmitted to the king pins, and the truck frame — being 



Fio. 258.- End Virw of rocklwirn Kadiul-axlo Truck, sliovvinj^ .swinging motor 
su.spciisioii-b}ir mid brak(‘ gear (Brush Electrical Kiiginccring Co.). 


capabk^ of lateral movtunetit is displac'd sliglitly outwards, thereby 
causing the axles to lake up a position approximately radial to the 
curv(\ Thc^ radiating actioTi will, of course, bo better at higher speeds 
than at low speeds, and the nae of the special type of swinging link 
ensures that the axles will return to the normal position when the car 
leaves the curves. 

The long swing-links will permit considerable radial movement of the 
axles to take place without the links assuming an excessive inclination, 
while the arrangement of the pins at th(^ bottom of the links ensures that 
the car body will be ludd st(^ady on straight track. 

The brake gear is aiTanged to radiate with the axles by means of 
floating and equalizing l(»V(irs, the su])jK)rts for the brake-block links 
being earned on extensions of the motor susf)ension bars. 

The truck is built with a wheel base of from 8 ft. to 12 ft., and is 



Fig. 260. — ^Peckham Radial -axle Truck (sub-truck type). (Brush Electrical Engineering Co.). 
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suitable for car bodies which do not exceed 30 ft. ov(^r the platforms. 
With a standard wheel flange and a l^in. groove in the rail, the truck 
with the shorter wheel base will negotiate a curve of 29 ft. radius as 
satisfactorily as a rigid-axh? truck with a wheel base of 4 ft. in. 

The Peckham sub-truck type of radial-axle truck is shown in Fig. 260. 
In this truck the axle boxes are fixed to two sub-trucks, which carry the 
motors and the brake gear. The main truck frame is carried on supporting 
frames (as in other Peckham trucks), which are suspended from the 
axle boxes by swing-links, the latter being hinged to short carriages, 
provided with roller bearings, on which the suj)porting franH‘S arc carried. 
Thus the supporting frames have a limited longitudinal movement as 
well as a transverse movement, so that the axles can adjust themselves 
to the curvature of the track. In ordcT that tlu^ radial movement of the 
axles shall not be restricted by thc^ swing-links, the latter are hung from 
swivel seatings on the top of the axle boxes. 

The inner ends of the sub-trucks are each provided with radius links, 
w'hich engage roll(*rs fitted to the cross friimes and locat(‘d in the centre 
line of the main truck frame. The sub-trucks ar(^ also coniu^cded to th(‘ 
main truck frame at those points by springs, which ]m)vidii the restoring 
force for returning the sub-trucks to their normal position. 

On account of the radius links and the mtdhod of supporting the truck 
frame from the axle boxes, the sub-trucks are able to take^ up a radial 
position on curves of short radii. Tlw minimum radius of curve which 
can be negotiated with the axles in the radial position d(‘j)ends onlhe 
wheel base of the truck and other features. With the pr(‘sent designs of 
Peckham radial-axle trucks, curves of 30 ft. radius can be negotiat(‘d by 
a truck with a wheel base of 10 ft., the axles bc'ing in thc^ radial position. 

Bogie trucks. Two ty])es arc adopted for eh^ctric traction, viz. (1) the 
maximum -traction truck (also called a single-motor truck), having wheels 
of unequal diamet(U’ — the use of which is exclusives to tiam ways- and 
(2) th(j equal- vvh(‘el bogie truck, which is juincipally usi*d on railways and 
is described in Chapter -XVI. 

In the latter truck tln^ load is supported oji a bolster placed mid\vay 
between the axl(\s, and is distributed equally between them. Hence if 
only one axle is equipped with a motor, approximat(*ly oru'-half of the 
load on the bolster will be available for adh(‘sion.* Put if th(^ load is 
supported nearer the driving axle, a larger portion of it will Ik* available 
for adhesion. The practical limit is rea(;hed when about 75 per (K'lit to 
80 per cent of the total wtught of tlu^ car (i.(^. the car body, trucks, and 
electrical equipment) is plac(*d on the driving axles, and trucks con- 
structed on this principle are known as the maximum traction type. 
Trucks of this typo, therefore, enable large bogie cars to be et|ui])[)ed with 
only two motors, provided that the gradi(*nts do not exceed about 1 in 15. 

Maximum-traction, swing-bolster trucks. In all modern types of 
maximum -traction trucks the (iar body is supported on a “ swing bolstej,’’ 
and in some cases the pivotal point or swivelling centre is displaced from 
the centre of the bolster tow^ards the driving axle. The radiation of the 

* The load on the driving axle will also include ono-lialf of the weight of the 
truck and the component of the weight of the motor which is not carried on tht> 
suspension springs. 
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driving wheels (that is, th(5 transverse raovenu'nt of the wIkjcIs relative 
to the car body when the ear is rounding a curve) is thereby reduced. 
Hence if the pony wheels are of smaller diameter than the driving wheels 



Fi(i. 2()1. — Maximum -tract ion S\viiij^-J)olstcr Hopic '^riiick, as ailoptcd by the 
Loudon County CVnuicil t’oinluit Tramways. 


the side-sills of the car may be carried low, with a eonsequ(»nt reduction 
in the Indght of the platforms and floor. 

A truck of this ty])e, which has lu'cii standar(liz(‘(l on ihe London 
County Council tramways, is illustrated in Fig. 201. The side frames are 
of cast steel, and are connected togtdher by four channel sections, one at 
each (*nd and two in the ctuitre. The centre ehamu'ls an^ called the 



Fig. 202. AiTangomont of Tran.soius, Swinp-links, and Spring Plank in 
Maxiinum-lraotion Swing-bol.stor JJogio Truck. 


transoms, and an^ fixed thus : ] [. Another channel section (arranged 
thi\p : u-r> and called the spring plank) is sus])end(‘d undcT the transoms 
by two pairs of swing links, as indicated diagrammatically in Fig. 262. 
These swiijg-links allcAV the bolster to swing slightly outwards when the 
car negotiates a curve, thereby relieving the ear body and truck from 
strains which would otlierwise be producetl. They also give easier riding 
to the car. 
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The springs upon which tho bolster is supported are earned by the 
spring plank, and tho springs supporting the truck frame are carried on 
the top of tho axle boxes. The cast-stccl bolster is a sliding fit between 
the transoms, and performs the double function of supporting the car 
body and of transmitting thereto the thrust from tho truck. The car 
body is not permanently fixed to the bolster, but is connected to it by a 
king pin, wliich forms tlie swivelling centre of tho truck. In the present 
case the king pin is disj)lacod from the centre of the bolster towards the 
driving axle, so that it is necessary to adopt a swivel- or radius-plate for 
the centre bearing. The upper poi*tion of this swivel plate (which can be 
soon in Fig. 261) carries the king pin, and is fixed to the underframo of 
the car body, while the lower portion rests in a spherical seat on the 
bolster. The car body is also supported by side bearings, which are 
formed by a projection at each end of the bolster engaging bearing plates 
fixed to the underframe. In order to prevent excessive side swaying of 
the car, the oscillation of the bolster is limited by the suspension pins 
of tho swing-links extending across the tops of the transoms. 

The wheel base of tho truck is 4 ft. 6 in., the centre of tho bolster is 
2 ft. from tho centre of the driving axle, and the swivelling centre is 
displaced 1 ft. 5 in. from the bolster towards tho driving axle. 

On account of the restricted space between the bolster and tho 
driving axle, the motor must be placed in the “ outside ” position, the 
suspension bar nesting on springs which are carried on brackets fixed to 
the end frame. This position of the motor is a characteristic feature of 
all maximum traction trucks of the bolster type^, and a little consideration 
will show that it results in a reduction of the load (due to the car body 
and truck) on the pony whe^els. As the position of tho bolster is governed 
by tho diameter of the driving wheels, it is generally necessary to carry 
at least 40 per cent of the weight of the car body on (jach pair of pony 
wheels, and consequently tlur'e is always sufficient load on these wheels 
to compensate for the lifting action of the motor. 

It will be observed in Fig. 201 that the side frames are fitted with 
two extensions, which are connectc^d together by two steel channels. 
These extensions are only fittcxl to one of the trucks on a car, and are 
for the purpose of carrying the plough colli^ctor. 

The truck is also equipped with a magnetic track brake, which is 
arranged to operate the whe(jl brakes in the manner described later. 
The w4ieel brakes, however, can be operated independtuitly of tho track 
brakes in the usual manner. 

Tho Brill 39 E swing-bolster, maximum-traction truck is illustrated 
in Fig. 263. Tliis truck differs in several features from tho truck last 
described. Firstly, the pivotal point is at the centre of the bolster ; 
secondly, there is no spring plank ; and thirdly, the bolster is provided 
with a graduated spring system which gives easy riding at all loads. 

The side frames are of forged steel, and rest on spiral springs 2)laced 
on the top of the axle boxes. Tho transoms arc of angle steel, and* are 
bolted to gusset plates fixed to the upper chord of eaeffi side frame. Ellip- 
tical swing-links are carried from tho side frames at each .side of the 
transoms, and those links support the ends of semi-elliptic springs, 
from which the bolster is supported. In tho earlier forms of this truck 
the bolster was fixed directly to these springs, but in the truck under 
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consideration a short spiral spring, in special caps, is interposed between 
each end oi the bolster and the semi-elliptic springs. The caps — in 
which the spiral springs are placed — are about in. apart when the 
unloaded car body is in position. When the car is about half-loaded 
with passengers the spiral springs are compressed, so that the caps 
come into contact, thereby transferring the load entindy to the semi- 
elliptic springs. 

The bolster is of cast steel, and is conncct(‘d to the lower spring 
caps (which arc fixed to the centre of the semi-elliptic springs) by links, 
thereby relieving the spiral springs from side thrusts and also preventing 
the semi-elliptic springs from twisting whc'ii the bolster swings over. 



Fig. 2H3. — Hrill “ ,‘U) E ” Maximum-tract ion S\\'inf?-})ol.stor Tropic Truck. 

The bearings for the king pin ai\d car body are titled to the top of the 
bolster, while to the sides are littefl chafing (or bearing) plates, which 
engage similar plates fitted to the transoms. 

The truck is built with a 4ft. bin. wheel base, the centre of the 
bolster being 1ft. 11 in. from the centre of the driving axle. The 
diameter of the driving wheels may Ix^ from 30 in. to 34 in., Avhile that 
of the corresponding pony wlnuds is 10 in. to 23 in. The weight of the 
truck (without wheels and axles) for standard gauge is 27501b. 

The brake gear for a maximum-traction truck differs from that for 
a truck wHth a central bolster, in tliat uneq^lal 'presfiures must he applied 
to the brake shoes on the driving and pony wheels, the ])ressures being in 
the ratio of the loads carried on the Avheels. In the ti'uck under con- 
sich^ration this is accomjdished by a diffcTentifil lever system wdth brake 
beams for both s(ds of w'heels, which ensures the alignment of the brake 
shoes on each ])air of wheels. 

The arrang('inent of the lovers and brake beams is indicated in 
Fig. 264. The brake shoes for the driving Avheels arc suspended from 
brackets fixed to one of the transoms, while those for the i)ony wheels 
arc suspended from brackets fixed to the upper chord of the side frames. 
The brake beams B, 0 arc o])erated by a central lever A, to which is 
connected a pull rod K from a floating lever attached to the centre 
of the undorframe, the j)ull rods from the brake spindles on the platforms 
being also connected to this floating lever, so that the radiation of the 
trucks dofts not interfere wdth the op(u*ation of the brake's. The central 
lever A is connected to tin? brake bt'am B by the link D, and its lower 
end is connected by the adjustable rod E to the differential lever F^ 
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which has a fulcrum on the cross-bar G, fixed to the lower chords of the 
side frames. The up])er end of the differential lever is eonnected to the 
pony wheel brake beam (K When a tension is applied to the pull rod K 
the lever ^ turns about the pin L and applies the brakes to the driving 
wheels. As soon as these brakcjs are applied the leaver has a fulerum 
at the ])in M, and a force is transmitt (*d through the rod E to the 
differential kiver and brakes Ixvim C, thereby applying the brakes to the 
pony wheels. 

Wheels. Two types of wheels are in usii on tramways, viz. (1) the 
chilled cast-iron wheel (whi(^h is a relic of horses tramways), and (2) the 
steel-tyred wlieel with a steel centre. In tlu^ first typo th(^ thickness of 



Fia. Arraiii^eriinit of Hrako (iiuir on in-il “ 39 K ” Maxiiiiiiin-traotion 

Truck. 


the “ chill” is about •/ in., and the whe(»ls must Ix^ scrapped when this 
amount of wear has takt'n ])lace. The giiarantecHl life is 30,000 miles, but 
there an^ records of wlujels of this type av^tu’aging 40,000 to 60,000 
miles.* 

The S(»cond type of w]i(?el is made with th(? e(‘nlre either of cast 
steel or of forgtxl stiM*l, and has the advantage that the centre seldom 
requires nuunving. This wIum*! is more costly at the outset than the 
“chilled ” whe(d, but th(^ average? cost over a numlxu* of y(*ars will be 
lower. The tyres are usually 2 in. to 2J in. thick at the tread ; they 
are shrunk on to the centres and S(?cured in })osition by set-screws or 
retaiiiing rings. Tlu? steel from which the tyres arc manufactured is 
exce])tionally hard, but at the same lime it is tough and ductile, the 
tensile strength b(?ing approximatedy 50 tons ]H*r sq. in. With tyres 

in. thick a w(iar of from in. to I J in. radially can be allowed, which 
will give a life of from 60,000 to 100,000 miles, the guaranteed life bejng 
usually based on a radial w(?ar of in. for every 5000 miles. These 
figures, of course, will In? aff(‘cted by the curvature of the track, since, 

* For aomo comparative teats on the tlurabilily of l)rake shoes and tyros aoo a 
paper (by Mr. W. J. Dawaori) presented to the 1910 Annual Conference of the 
Municipal Tramways Association. See The Electrician^ vol. 66, p. 1010. 
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if th(i curves are all in one direction, the tyres of the wheels on one side 
of the car will be worn at a greater rate than those on the other side. 

The average weight of a chilled cast-iron wheel (30 in. in diameter) is 
300 lb., while that of a steel -tyred wheel (31| in. in diameter) is 350 lb. 

Until roc(^ritly the standard diameter for driving wheels w^as 30 in. 
in this country, and 33 in. in America. But with the introduction of 
low floor cars, wheels of 26 in. diameter have become standardized, 
suitable motors for these w- heels having been developed. 

Position of pony wheels for cars with bogie trucks. In all the above 
types of maximum-traction trucks the running of the truck is satisfactory 
w'hether the pony wh(‘els are lefiding or trailing. Since tramcars must 
bo suitable for running in either direction, the trucks are arranged 
symmetrically about the centre of the car, with the pony w^heels either 
towards tlu*- ct'iitre or towards the platforms. The latter position is 
standard for Anun-ican practice,* and the pony wdunds are arranged 
under the platforms, thereby giving a better suf)port for these portions 
of the car. In this country, how'ov^er, tlu^ space under the platforms is 
required for the life guards, and, vi»d(‘ss the platforms are very long, 
the^ car body will bi^ supported better with the pony wheels towards the 
centr(^ of the car. (Generally, the arrangcunent of the? trucks will bo 
inl1u(uici^d by the design of the underframe, aiul, in a givcui case, the* 
trucks should Ix^ arrangcxl to provide the best su])port for the car body 
and th(^ ])latforms. These are probably the n*asons for the apparent 
div(*rsity of o])iiiion among some car builders, in cons(^quenee of w'hich 
there are numerous (examples of cars with tlu^ pony wiu*els towards the 
centre and towards the platforms. In tlu^ cast' of conduit tramways, 
the [dough must bt^ supportt'd from an (‘xtt'iision of the truck frame 
(see Fig. 261), and undtT these conditions the trucks must bo arranged 
with the pony wheels towards the centre of the car. 

Brakks 

Th(^ iinportantje of brakes on an (iectric tramear cannot be over- 
estimated, and they should be given quite as mueh attention as the 
electrical c'quipnient. All cars must Ixi ('qui})[)('d with hand brakes, in 
which the brakes shot's act on tlui rims of tlu' wiieols, while cars w^hich 
have to opei'atti on st(*ep gradients must bo equipped also with track 
brakes. In tlu^ ease of largt* tramway systems, op(*rating through con- 
gested tratlie, the maximum speed is lixed by statutory regulations, and 
is based on th(' brakes (equipment. Cars equii)ped with powerful and quick- 
acting brakes can, therefore, be run at higher schedule speeds than those 
not so (Xj[uipped. liiis point is of tlu^ utmost importance on a system 
like the London (A)unty Council Tramways, w here competing petrol motor 
omnibuses run over practically the same routes as the tramcars. 

The principal tsrpes of brakes in use on tramcars are: (1) the wheel 
(or hand) brake, which acts on the wiieels only ; (2) the rheostatic 
electric brake, in which the motors are converti'd into g(uierators and 
are loaded on rheostacs, the brake being apj)lied and regulated from 
the controller (see Ciiapter VUI, p. ISO) ; (3) the mechanical track 

* With the centre -I'litranco oars, the trucks have to be arranged witli the pony 
wlieels tow'ards the centre of the car. 
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brake, applied by hand from hand wheels on the platforms of the car ; 
(4) the magnetic track brake, with or without an attachment for operating 
the wheel brakes, the current for the excitation of the magnets being 
derived from the motors. 

The air brake, although used extensively in America, has not been 
adopted in this country on account of the additional equipment required 
on the car. Moreover, the speeds and traffic conditions hero do not 
warrant the use of this type of brake. 

Wheel brake. The wheel brake, applied by hand, is a relic of the 
horse tramcars, with improvements introduced to obtain a greater 
braking force and a more rapid application of the brake. The pull rods 



Fia. 2(i5. — Arrangement of Platform Cioar for Wheel Brake on Single-truck Cai. 
(A Peacock quick-acting geared brake drum is shown.) 


from the brake levc^rs (p. 350) are connected to the brake drums on the 
platform operating gear by a short length of chain, as shown in Fig. 265. 
The brake is applied by winding this chain around the brake drum, 
unwinding being prevented by means of a ratchet wheel and pawl on the 
operating spindle. 

The Peacock quick-acting brake has the drum in the form of a grooved 
cam B (Fig. 200), which is geared to the operating spindle A. The 
pinion and gear wheel of the operating gear are fitted with stops 
C, D, which are in contact when the brakes are “ off ” (see diagram A, 
Fig. 200). Thes(^ stops prevent the brake drum from over-running when 
the brakes arc released, and ensure that the drum is stopped in a })osition 
froni which the recovery of the chain is most rapid. Thus during the 
application of the brakes all unnect^ssary winding is avoided, and the cam 
type brake drum ensures a quick action. The gearing enables a powerful 
braking effect to be obtained without excessive exertion from the motor- 
man. ^ 

For cars weighing from 12 to 15 tons it is general practice to employ 
a gear ratio of 39/12, which, with the standanl lOJ in. operating handle, 
gives a leverjige of 22 between the handle and the chain. Wfth an effort 
of 50 lb. applied to the handle, the resulting tension (corrected for friction) 
in the brake chain is 983 lb. 
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Track brakes. Tho mechanical track brake’'^ is of the slipper typo, and 
usually consists of one or more pairs of wooden blocks, w^hich are. pn ssed 
on to the track rails by means of levers, or screws, operated from a hand 
wheel on the platform. This brake is intended for use on steep gradients, 
and utilizes a portion of the weight of the car as the braking force. The 
wheel brakes can, of course, be applied at the same time, but in order to 
render these brakes operative it is necessary to design the hand wheel 
and levers of tho track brake so that sufficient weight is carried on the 
wheels to prevent them skidding when the brakes arc applied. 

The magnetic track brake consists of two or more electromagnets, 
flexibly suspended so as normally to clear the track rails, and which, 
when energized are attracted to the track rails ; the drag or thrust of 
the magnets being transmitted to the truck frame, and, in some cases, 
to the shoes of the wheel brakes. The magnets are wound for series 
excitation and are connected in series with the braking rheostats (Fig. 
122). Tn some very special cases compound excitation is provided, the 
shunt excitation being supplied from the trolley w^ire. 

The excitation of the brake magnets from the car motors is con- 
sidered to be more rciliable than obtSiining the excitation from the trolley 
wire, as tho brake is thereby rcuidercd independent of tho generating 
station or tho position of the trolley wheel. On tlu? other hand, tho 
wheels must not b(i locked by the misuse of the hand (wheel) brake. 

When the wh(icl brakes arc actuated by the track brakes, a combina- 
tion of throe brakes is obtainc'd, viz. (1) a track brake, (2) a wheel brake, 
and (3) an electric brake, produced by the retarding tonpie due to the 
motors acting as generators, and in consequence very high retardations 
are possible. For example, under emergency conditions a retardation of 
12 ft. per sec. per sec. can be obtained. For servict; applications, however, 
the retardation should be limited to from 2 to 3 ft. per sec. ])er sec. 

Since the action of the brake is deptuident upon tho revolution of the 
driving wheels, means must be taken to prevent these skidding when 
(unorgency applications are made. 

Tho electromagnets arc of tho bi -polar type with elongated jjolo faces, 
which arc arranged longitudinally with the rail h(*ad and a short distance 
apart. A typical magnet is illustrated in Fig. 207. 'i’he body of the 
magnet is of cast steel, and the renewable polo faces are of soft steel. 
The excitation is supplied by a single coil, w hich is enclosed in a w^ater- 
tight metal case. 

The magnetic circuit is transverse to the rail head, so that the flux 
is not limited by the section of the rail head. The vertical force between 
the magnet and the rail can, therefore, be arranged to suit tlui class of 
car by altering the length of the pole faces. 

The design of tho magnet is such that a large vertical pull can be 
obtained with a moderate exciting current. For example, in one size of 
magnet a pull of 2 tons is obtained wdth an exciting current of 20 amp(»rcs, 
and a pull of nearly 1 ton is obtained with a current of 5 amperes. It is 

♦ See The Tramway and Railway Worlds vol. 29, p. 229, for particulars of a 
mechanical track brake (for centre-slot conduit tramways) which has been adopted 
by the London County Council Tramways on exceptionally steep gradients (1 in 10). 

For further particulars of Mechanical Track Urakos see The Tramway and 
Railway Worldt vol. 36, p. 365. 
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evidoni tliertrfore that this brake, when combined with the wheel brakes 
in the above manner, can be used as a service brake without producing 
an excessive temperature rise of the motors. The increased retardation 
will then allow of an increase in the schedule speed, and in many cases it 
will be possible to operate at a higher maximum speed (due to the more 
efficient braking equipnuuit) than when the hand brake is used for 
service stops. 

The magnet is suspended from the side frame of the truck by spiral 
springs, which arc adjusted so that the poh^ faces are about J in. above 
the rail. The magnets on opposite sides of the truck are connected to- 
gether by cross bars, which an? bolt(‘d to ])rojections on the inner pole 




FiiJ. 26(5. — IVacock Quiok-actiiiK 
Jirake*. 


Km 267. of Track Brake. 
(B.T.-ir (.’o.) 


pieces: two other f)rojections on tin* oul(*r pol(‘ pi(*e(‘s t‘iigag(‘ lh(* tails of 
thrust brackets fixt'd to tin* side fraiiK^s (Fig. 2(>S). 

In the Metropolitan-Vickers magnetic track brake the magnet is 
arranged to operate tlu^ wh<*el brakes in addition to transmitting its 
thrust to the truck frame. The attachm(*nts for operating the wheel 
brakes are shown in Figs. 2(58, 2(5Sa. 

When emergency applications are nuKh^ at higli spe^eds there is a 
possibility of the wheels skidding if the brake is appli('d too quickly, as 
under these conditions the motors will build up to a higli voltage and 
produce a large current in the brake circuit.* 

The heavy application of tlu? wlu^el brak(‘s, combined with the large 
retarding torque on the motors, will produce a braking forces which may 
be in excess of the maximum value? permissible. Under th(?se conditions 
the wheels will skid, thereby nmdering the brakes incifTective. In ojpder 
to avoid this, a skid- proof attachment has been developed which con- 
sists of solenoid -operated switches connected in the brake circuit so as 

• The resistance in the brake circuit at each notch of the controller is the same 
at all speeds, and must be arranged so that the brake is offoctivo at low speeds 
(e.g. 2 ml.p.h.). 
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to connect resistances in parallel with the fields of the motors when the 
current in the brake circuit exceeds certain values. 

Magnetic track brakes may also be fitted with mechanical operating 
gear for pressing the magnets on to the track rails. This feature may be 
desirable when steep gradients have to be negotiated, as the brake can 
then be applied before the car starts the descent. Moreover, the brake 
is operative if there should bo an open circuit or a bad connection in 
the brake circuit.* 

Vertical pull between magnet and rail. The force of attraction, or 
“ pull,’* of any magnet on its armature is given by the fundamental 
equation / = where R is the flux density at the pole face 

(expressed in C.G.S. units and assumed to be uniform), A is the area 
(in square cms.) of the pole faces in contact with the armature, and/ the 
force of attraction in dynes. 

Convl^rting / into tons weight, and A into square inches, we have 
(tons) = (/^-.4/3*9) X 10■•^ For B— 15,500 (which corresponds to a 



Fi(i. 2<i8A.- -Metropolitan-Vickoi’s ]Vlag«ot.i(i Track 13rako Fitted to 
Jiogie Tnu'k. 

moderate saturation with cast steel) / — 0-0616 tons for each square inch 
of pole face area. Thus, at this flux density, the pressure between the 
magnet and the rail will be 138 lb. per sq. in. 

II. ROLLING STOCK FOR RAILLESS ROUTES 

Railless cars, or trolley omnibuses, follow the general design of petrol- 
propelled omnibuses. The body (which may be of cither the single-deck 
or double-deck type) is mounted upon a four- or six-wheeled chassis, of 
which the front wheels are provided with steering gear and the rear 
wheels arc tlrivcn through a differential gear. 

The choice of body is governed by conditions somewhat similar to 
those governing the ehoice of a tramcar, but in the present case the 
wheel base of the chassis is not restricted by the curvature of the route. 

Trolley-Omnibus Bodies 

Typical single-deck omnibuses are illustrated in Figs. 269, 270. The 
vehicles shown in Fig. 269 are each designed for two-man operation (i.e. 
driver and conductor), but the vcjhiclc shown in Fig. 270 is designed for 
one-man operation, the fares being collected by the driver, and the entrance 
being at the front of the vehicle. In both this vehicle and those (FigT 269) 

having a centre entrance, an emergency exit is provided at the rear. 

• 

* Some serious accidonis liave liappenod due to the failure of the brake from 
these causes. See Board of Trade reports in The Electrician, vols. 68, p. 102 ; 61, 
pp. 402, 913. 
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Fto. 261).- Single-dock Centro-entrance Trolley-buses, showing 
Altormitive Typos of Bodies and Trolley Standards. Co.) 

'l7i(* upper Fig. shows also the overhead construetion at a terniiiial loop. 
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Tho body framing is const ruetod of oak and ash, and is reinforced by 
steel sections and ])lates. The facing strips, plating, and panelling are of 
either thin sheet steel or aluminium. 


Trolley-Omnibos Chassis 

The chassis fcdlows the general layout of that for a petrol -propelled 
omnibus, ke. the prop(*lling equipment is tixi‘d to the chassis frame 
b(itweon the axles, and the power is transmitted to the roar axle 
through flexible couplings and a cardan shaft. 

Typical chasses are shown in Figs. 271, 272, 273. 
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subjected only to torsion, the load being carried by a separate casing 
concentric with these shafts). A cross-scction of a portion of a typical 
rear axle is shown in Fig. 274. The central portion, A, of the axle 
casing contains the cornl)ined worm-reduction and difTcreiitial gear. The 
bevel pinions of the lattcT are arranged inside the worm wheel, and the 
bevel wheels are carried in ball bearings located in th(^ axle casing. Tlie 
axle shafts, B, have their inner ends fittcid to the bevel wlieels and tlu^ir 
outer ends fitted to the wheel hubs, which are carried in roller bearings 
fitted to steel tubes, D. ''.riiese are fixed to the end ])ortions, E, of the 
axle casing, which also carry the operating spinclhvs and otluT fittings 
for the brake shoes. The driving worm, F, is carried in ball and roller 



bearings in the lower part of the ccmtral casing, and its driving end 
is connected by a universal joint to a tubular propell(‘r shaft, thi^ forward 
end of which is flexibly coupled to the driving motor. The treactivt' force 
of the driving wheels is transmitted to the frame by the semi-ellii^tic 
suspension springs. 

Location of electrical equipment. Tin? gc^neral arrangement of the 
motor and control equipment is shown in Figs. 272, 273. In each case 
a single double-commutator motor is employed. The controller is of 
the pedal-operated type and is located at the forwai*d end of the 
vehicle, adjoining the dashboard. On the latter arc mounted the circuit 
breakers for the pow(T circuits, and thi) switches and fusevs for the lighting 
circuits. The starting rheostats are suspi^jided from the chassis. 

Wheels. These are of either the disc or the spoked types, and may 
have either solid rubber or low-pressure pneumatic tyres. Examples of 

both are shown in Figs. 269, 270. 

» 

Brakes. Statutory regulations require each vchich? to be t‘([uippod 
with two indcptaident mechanical brakes. These are of the expanding 
type, with internal friction lined brake shoes acting upon steel drums 
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fitted to the wheel hubs. When brakes are fitted to all Avhc^els, duplicate 
brakes are fitted only to the rc'ar wheels. Hence one set of brakes is 
effective on all wheels and the other set is effective only on the rear 
wheels. 

Usually oiK^ set of brake's is pedal operat('d and the other is hand 
operated, but many of t-h(^ larger vehicles have pneumatic, operating gear 
in addition to the pt^dal oiiorating g('ar, the compressed air being f)blained 
from a reservoir and th(‘ brake valve being p(*dai o]H‘rated. The reservoir 
is supplit'd with compressed air by a small motor-drivc'ii eompn^ssor, which 
is controlled automatically, by a governor or ])r(*ssur(^ n'gulator, in the 
sanu' manner as the larger compress(‘d-air brake ('qui])in('nt on trains. 
The brak(i cylinders are of I Ik* diaphragm type, tin*- diajfiiragm operating 
a push rod connected to th(i brak(^ lev(*r. I'lie ap[)li(;ation valve supplies 
air direct from the r(*s(‘rv()ir to th(* brake cylinders, and is so d(*signed that 
the air pressure in tlu* brakes cylind(*rs is proportional to the deprc'ssioii of 
the op(‘rating pedal. The brake is rclcasi'd when th(^ fX'dal is rel(*ased. 

With single-motor vehicles ])rovision is usually made* for (*lectric 
(rheostatic) braking, but no such provision is made on two-motor vehicles 
with seri(‘s-parallel control. 



CHAPTER XVr 

ROLIJNC STOCK FOR ELKCTBIC RAILWAYS 

(Motor Coach Trains) 

Advantages of motor coach trains, 'riio tralYic reiiuiroiTionts of urban 
and suburban railways involve the running of fro([U(‘nt trains at relatively 
high schedule sjxhmIs (for this class of service), togeth(‘r with facilities for 
(1) varying the (‘omposiiion of tlie trains to suit variations in traffic 
density ; (2) getting the trains into and out of the terminal stations in 
the ininimuni time and with a minimum number of signal and train 
movements. These conditions can Ix^st bc^ satisliixl by the* us(^ of motor 
coach trains, which possess a number of advantages over locomotivcV 
hauled trains for urban and suburban si'rvice. ''I’hus- 

1. Since the passengi^r coaches are equipjxxl with motors, thci whole, 
or a large portion, of tlu* train weight is available for adhesion, and a 
large number of driving axles arii available. The* loading on the per 
manent way due to a train is more uniform than in the case of a loco- 
motive-hauled train (which would m^cessitate the use of a v(‘ry heavy 
locomotive). 

2. The trains (jan lx? made* up to suit variations in traffic density with 
a minimum of shunting operations.* If the train w(?ight jx?r motor is 
maintained constant, the trains for light and heavy traffic Avill bo able 
to maintain the sanu* schedule s[x*(‘d with the same sjx’cific energy 
consumiition. 

3. 'J'he capacity of a terminus (expri‘ssed in t(‘rms of passengers per 
hour) is gr(?ater witli motor (?oach trains owing to f(?wer signal and train 
mov(?ments being necessary, and the absence? of d(x*ks or platform sidings 
which would have? to be? proviele*el for lex?e)motive*s. 

Adhesive weight. In trains made uji wholly of motor coaches and all 
axles e*ejuippeel with medews, the adhesive weight is ee^ual to the total 
train weight. On many railways in this country, he)we*ver, it is the 
practice to opeu’alc one motor coach with erne, two, or three trailer coaches 
as a train unit, and to run the service with trains made up ed one unit, 
or of twe) e)r mem? units couple?d teigether, as deiinanded by the traffic. 
Fn these? cases the adhe*sive weight is equal te) the total load e)n the axles 
which are? equipped with mote)rs. It should be at least 25 per e?ent of the 
total train we*ight (gt*ne?rally it is freim 33 per cent to 50 per cent), and, 
to ave)id slipping of the driving whe?els unele?r unfavourable? conditions 
of we?ather, the? tedal accelerating tractive effe)rt she)uld not exceed 

* A striking example of the rapidity with which oli^clric trains can ho made 
up at a tormiiiiis lias boon given by Mr. J. Shaw ((leneral Manager of the Mersey 
Railway) in a paper entitled “ Tlio Equipment and VV'orking Hc'sulta of the Mersey 
Railway imder Steam and f^Ioctric Traction " {Minutes of Proecedimjs of the Insti- 
tution of Cinijl Kntjineers, vol. 179, p. 19). 

In tlio paper it is stated that the trains are allowed throe minutes at tlio termini, 
during which interval any alteration in the make-up of the train has to lie done. 
The average time for making up a train is two minutes, whieh includes shunting and 
coupling of brakes and uloctrie connections. 

381 
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about 15 per ccjiit of the adhesive weight. The adhesive weight and 
total train weight of some typical motor coach trains are given in 
Tabic X, while further particulars of the motor coaches are given in 
Table XI (p. 412). 

Coaches 

Types. Two types are in use, viz. (1) the compartment type with 
side doors- similar to the rolling stock on our steam railways and 
(2) the saloon type? of coach or car* with central and end doors. The 
latter type of stock was introduced for the early electrifications in this 
country, and it is the only type permissible for deep-level underground 
(or tube) railways. Although there exists a considerable difference of 
opinion among railway engineers as to the advantages of the two types 
of stock, nevertheless the saloon type, in virtue of its better facilities for 
the distribution of the passengers when entering the train, is more 
suitable for urban service with dense traffic than the compartment type. 
For longer distance suburban traffic, however, the compartment type of 
coach is g'MU'rally {)rcferable. 

Limitations to dimensions. The 'maximum length and Avidlh of a 
coach which can b(' used on a given line is determined by the lay-out of 
the track (which affects the ch'iarance between passing trains), the loading 
gauge, and the size of the tunnels. Wh(‘n sliding or inwardly opening 
doors are adopted as in the saloon type of coach — the ch^arance between 
j)assing trains can be made smaller than that when outwardly opening 
sid(^ doors are used. 

The h'ligth of trailer coaches for express service on tlu^ principfil steam 
railways in this country varies from 50 ft. to 75 ft., while the width 
varies from 8 ft. to 9 ft. 3 in. 

The largest elective coaches in this country (viz. those in service on 
the Liver j)ool-Southport section of the London, Midland and Scottish 
Railway) havt^ a hmgth of 60 ft., with a width of 10 ft. They arc of the 
end-door saloon type, with transverse seats, a central corridor, and 
seating accommodation for 100 passengers. Each of the transverse scats 
on one side of the corridor is arranged to accommodate three j)assengers, 
while on the other side of the corridor two pass(‘iigers are accommodated 
on each seat. The large w'idih of the coach has enabled this arrangement 
of seats to be adopted with a corridor 2ft. wide, whereas for a Oft. 
coach and the same width of corridor it w ould have been possible to seat 
only four passengers cross-wise, thereby reducing the seating capacity 
to 82. The increase in the weight of the coach, due to the increase in 
width, is only that of the floor, roof, and extra seats, and, for the 60 ft. 
coaches under consideration, is of the order of 15 cwt., or about 93 lb. 
per extra seat. If the increase in the seating capacity had had to be 
provided for by additional coaches to the train, the weight would have 
been of the order of 5 cwd. per extra seat.l 

* Tho saloon type of coach, with end doors, is the standard type of passoliger 
rolling stock in America, where all class^'S of rolling stock are designated as “ cars.” 
The tenn “ car ” is used to some extent in this country in connection with electric 
trains, particularly when these are of the saloon type. 

t “ The Design of Bolling Stock for Klectric Bailways,” by H. E. O’Brien 
{Journal of the Institution of Kleclric.al Engineers, vol. 52, ]^. 446). This paper con- 
tains some interesting and valuable data on rolling stock, 
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■♦a • 

§■5) 

0^1? 

■-M 5^ — 

With 

1 Full 
i Number 

1 of Pas- 
1 sengers. 


1 

^ a . 

® §2 

?2 

rt ti) 

1. 

'55 . 

<1^ 

With , 
Full 

Number ! 
of Pas- ; 
sengers. 

.?H 

1*5 

-ij 

1 Without 
' Passen- 
gers. 

i 

*0 

bc . 

;s.s 

2 

With 
! Full 
Number 
of Pas- 
sengers. 

1= • 
o a. 'A 
,C « f 


o 

H 

^ If. Cj 

S3 tH 

^Pi 


ki 

I" 


s 

I 

5^ 



. 

O 8 S M 

pC ? 

's's 

{?H ^ 


*- 4 ■ 

15 


jc 2 ^ S3 . 

.£•>52^2^2 
9^ « w 


oo 00 CO *-< a» 'M If) eo 

If) 0)^«DC0 90 00e0Oi0l*l<-^'M 
eo^oO'^'!i«^if)coif)cD-t7oeo50'»i* 

oo6o6oooco©66o6 


'M^H<'3)90tH00if)a»QO'» 
I-- O ® If) If) © )0 I- o ® 

C0'^'H--f-i«-<«if5©O;p'^'^000p'^ 

©o6boo©666c©666 


000—1'^© — oc^ 

T-i 1-1 1-1 rH- 


2 1- *^1 « X oi 01 

OOlb'»l‘'--l*OaCr-lrH-1<eOlOArHr-> 

fHXOii'-0‘')ooo©coif)c©'r’i* 


ooo'^-WTOi-to-i't^ooiiOoi'rjr. 

c_c»ttOT-iao'M50oii-©-iioioi-r:c 

OI M Ol Ol ri 1 -i (M I-H OJ OI rH ?0 -H r-i f 


Si-^ oieooo co-i< 

oeb-rx-i'oiiii'sbboii-i^'^iO'M 
Ph “M o I- eo — SI If) I - i-i coio oi © 

OI Ol l-l 0 1 1 - 1 1 -H I-S r-l 01 1 -I 0 1 .-H I-H 


HH , H 

•'^0 H H H H 
oioio -11 -t 01 

-_r H H . ‘ * H . 

»>•. 5^ 5? ::? rH ko fo k_: r-t fc-i <»i 


HH 

cacd. 

CCDl^t- 

0 <0 - .V 

’"dr"?? 

‘'so^sTir 


50 eo 
;i;® o o® 


Gc H 

pw 

1-0 

eo f^. 


-I'l-OOX-l'I'O ©-1*0 © 
-1*5O50»O-1<Xl'-X XXX CO 


rHH 

QP 

W ‘ ■ ' ■ 




Z.X© X lO 

oeob^eo-i^x-to 
W -11 CO If) lO o o •”) 


H 

Q 

■3j' + + 




g 


O ,f5o ^3' 

l/> ^ ^ 

-—.-U ^ 

a 

J§ 

^ "C 

III 'i 

llll I ^ •' 

C S3 CS rs 

55 § ^ 

III '§■ 

BIS 1 ' ■ 
s 


>, 

cS 

r 

'« 

Pi 

C 

r r5 

I 


o ei 

zr. o 

rt ^ 

I- 


&> A. 

P=2 
o“< 
— +■«• 


S3 o 




Rei’erenco to London. Midland <&; Scottish trains: (1) Phist on -Watford Saloon stock; (2) Lu-'ton-Watford Compartment Stock; (3) Manchestcr-Bury Saloon Stock; 
(4), (5) Liveri>ool-Southixjrt Saloon Stock; (6) Liverpool-Southport ComiMirtinent stock. 
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Construction. In the design of rolling stock for urban and suburban 
railways it is important to reduce the weight by the use of suitable 
materials, as unnecessary weight not only increases the energy con- 
sumption but also leads to increased maintenance costs when the whole 
of the equipment is considered. Of course, if the stock is built too lightly 
it will not bo sufficiently strong to withstand the stresses due to high 
acceleration and braking, and in this case the maintenance costs will 
be high. But the use of aluminium and steel of high tensile strength 
will enable the w^eight to be reduced without sacrificing strength. With 
saloon coaches constructed of steel sections and sheets the sides of the 
body may bo combined with the sole-bars of the uncU^rframc, thereby 
allowing the lattcT members to be r(?duced in section. 1''his type of 
construction, although somewhat heavitu’ than the standard wooden 
construction of similar dinumsions, has a considerably lower niaintcmance 
cost than the latter.* 

The construction of coaches for operating on surface electric railways 
usually follows the general practic(^ for steam rolling stock, the ju’iiujipal 
exceptions Ixdng the underfranu's of the motor coaclu's, and the pro- 
vision of driving comf)artnients in ihe motor and trailcT coaches. 

The design of the underframe for a motor coach will b(^ influenced by 
the type of coach, the method of control, and the disposition and weight 
of the control apparatus, auxiliary ap])aratus, etc. In multiple-unit 
trains the control and auxiliary apparatus may be locatt‘d titluir in a 
compartment at one end of the coach or under thc^ coach betweem the 
bogies. As the total weight of thi^ control ap])aratus for a coach equipped 
with four direct-current motors may be of the order of 3} tons, the 
disposition of this apparatus must be carefully considered in the design 
of the underframo. 

In the majority of cases the' underframe is constructed of stt‘(d 
sections. Th(i ju-incipal longitudinal iiKunlxTs an^ of channel section, 
and are connected together by (;ross-bars and end framers (the latt(r 
being called head stocks’’) to which IIk* buffing and draw -gear is 
attached. The outer longitudinal members (called “sole bars”) are 
fitted with adjustable truss rods,| which (;arry the tension component 
of the stress produced by the bending mouH^nt, while the comj)ression 
component of the stress is carried by the channels, l^he centre pins, 
centre bearings, and side-bearing plat(\s arti fitted to cross channels, 
which, for a motor coach, have to be specially reinforced and braced to 
the sole bars and head stocks. In sonu^ types of und(Tframes these 
channels are replaced by steel castings (called “body bolsters”). When 
the control apparatus is loccatod in the cojich body, the sole bars and 
longitudinal members arc braced by diagonal bracings, but these have 
to be omitted when the control apparatus is fixed to the underframo. 
The cross-bars must then b(? supplemented by gusset plates. 

The above types of underframes are adopted for ridling stock running 
on suburban railways, when the dimensions do not have to conforijii to 

* See “The Design of Rolling Stock for Electric Railways,” by H. E. O’Brien 
{Journal of the Institution of Electrical Engineers, p. 455). 

t The truss-rods are adjusted to give a slight upward (hiflection, or caml>eir, 
to the sole-bars when the coach body is unloaded and in position on the trucks. 
Truss-rods are not required on steel cars in which the sides and solo-bais are 
deiiigned to form plate-girders. 
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Fia. 275.— Contro-ontranci * Motor-car in course of construction at tho Brush 
Klectrical EnginecriuK Co.’s Works. View from driving end. Tlio raised 
floor of tho control compartment should be noted. Tho floor of the 
driving compartment is on tlio same level as that of tho passenger 
compartment. 



Fig. 276. — Undorframo of Centre-entrance Motor-car in course of construction 
at tho Brush Electrical Engineering Co.’s Works, X'^iow from trailer end. 


13 — ( 5043 ) 
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a restricted loading gauge. In the case of tube railways, however, the 
loading gauge is much below that of surface railways on account of 
the limited diameter of the tunnel. For example, in the majority of the 
London tube railways the internal diameter of the tunnel (for straight 
single track) is 11 ft. in., while the height from the track rails to the 
top of the tunnel is 9ft. 11 Jin. The rolling stock on these lines is of 
the saloon type, with end platforms and collapsible gates. The cars 
are built of steel, and the underframe is incorporated with the body, 
thereby resulting in a light construction for the former. 

Views of a motor-car in course of construction at the Brush Electrical 
Engineering Co.’s works are shown in Figs. 275, 276, which show clearly 
the arrangement of the various members of the steel underframe and the 
body framing. 

Trucks 

The trucks in use on the passenger rolling stock of railways are 
usually of the four-wheel bogie typo with a central bolster, although 
in some cases (such as for dining cars, sleeping saloons, and drawing- 
room (Pullman) cars) a six-wheel bogie is adopted. The trucks for 
motor-coaches are, in general, of similar design to those for trailer coaches, 
except that the former are of heavier construction to withstand the 
greater stresses to which they are subjected. In this case, however, 
only four-w^heel bogies are adopted, and it is general practice to equip 
both axles with motors. Since the curves on a railway are generally 
of fairly large radius, the wheel base of the trucks can be made much 
greater than the values adopted on tramways ; and, in practice, a 
wheel base of from 6 ft. to 10 ft. is adopted, which allows the motors to be 
placed in the “ inside ” position (i.e. between the transoms and the axles). 

Motor-trucks can be divided broadly into two classes, according to 
the spring system adopted between the truck frame and the axles. 
Thus (1) the truck frame may be supported on the axle boxes through 
laminated springs (Fig. 277), or (2) the truck frame may be supported 
on spiral springs carried on equalizing bars, the ends of which are 
supported directly on the boxes (Fig. 278). In each typo of truck the 
bolster is supported on springs carried by the spring plank, which may 
be of either the swinging or the rigid typo, the former being the more 
general for railways operating at moderate speeds. 

Trucks of the first class (which may be called non-equalized trucks) 
are practically standard for all British railways, while trucks of the 
second class (which are called equalized trucks) are largely used in America 
and are only used to a limited extent in this country. This type of truck 
has superior riding qualities to the non-equalized typo on poor track, 
but with the excellent track construction on our larger railways the 
riding qualities of the non-equalized truck are quite satisfactory. More- 
over, the equalized truck is not only heavier and more costly to maintain 
than a non-equalized truck of equal wheel base, but it is subjected to a 
tilting action during braking — ^the forward end of truck being depressed 
and the rear end raised — ^this action being greatest when outside hung 
brake shoes are used.’'* 

* For a full discussion of the forces produced during braking, see a paper on 
** Railroad Car Braking,” by R. A. Parke (Tramactiom of the American Institute of 
Electrical Engineers, voL 20, p. 235). 
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Fia. 277. — ^Types of British Xon-equalized Motor-truck with motors and 
collector shoes in position. 

(a) Truck with inside-hung brake shoos, one brake shoe per wheel ; (b) truck 
«yith two brake shoes per wheel. (B.T.-H. and English Electric Co.’s 
equipments.) 
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In view of the large forces to which a motor-truck is subjected (the 
truck having to perform the work of a tractor in addition to carrying 
and guiding the car body), the frame must be very rigid and must be 
sufficiently braced to maintain its “ squareness ” under all conditions. 
As the only means of bracing the side frames is by the transoms and the 
end frames, these members must be liberally designed, and must be 
reinforced by gusset plates at the connections to the side frames. The 
gusset plates and diagonal bracing between the side frames, end frames, 
and transoms are shown very clearly in Fig. 279, which refers to a motor- 
truck with single-phase motors. 

The frame of a non-cqualizod truck may be constructed of steel 
plate and rolled sections, of jjresseHi-stocl plate, or of cast steel ; while 
the frame of an equalized truck may be constructed of rolled sections, 
of forged steel, or of cast steel. 

T^ical non-equalized trucks (which are represemtative of British 
railway practice and are in service on a number o^ electric railways) are 



Fic. 278. Hrill “ 27 Kqualizod Motor-truck. 

illustrated in Figs. 277, 279, 280.* The trucks are built of pressed steel 
sections, which are riveted together. The side frames (or solo bars) A 
(Fig. 280) and the end frames (or head stocks) B are of channel section. 
The ends of the head stocks and the transoms (C) are flanged and 
riveted to the side frames, and each corner is reinforced by a gusset 
plate D in order to increase the rigidity of frame. The yokes for the 
axle boxes are reinforced by “ U pieces riveted to the back of the 
side frames, while the cast-steel horn blocks (or axle box guides) E are 
bolted to the front of the yokes. The truck frame is supported on the 
axle boxes by means of the lugs F. These lugs rest on short volutel 
springs G, which are carried on hangers H suspended from each end 
of the laminated semi-elliptic springs «/. 

The spring plank K (of channel section) is suspended from the tran- 
soms by swing links //, the upper ends of which are inclined towards the 
centre of the truck. J Each end of the spring plank is provided with two 

* The author is indebted to the Leeds Forge Co. for tlie drawings from which 
Fig. 280 was mode. This figure refers to a motor-truck for the London tube railways, 
t In some cases spiral springs and concentric rubber springs are used, 
j The swing links are arranged in this manner to counteract, to some extent, 
the centrifugal force acting on the coach when passing round curves. When the 
bolster swings outwards (on a curve) the inclined position of the links causes the outer 
P9rtion of the coach to be raised and the inner portion to be lowered. 



Fi«. 279. — Top View of Motor-1 ruck showing motors, brake -rigging, bolster, 
gussets and cress bracing. 

(Note. — Tins illustration refers to a motor truck which was formerly in service 
on the single-phase lines of the L.B. and S.C. Railway.) 


bolster is also fitteil with side bearings Qy which engage rubbing plates 
on the under framef. The swing of the bolster is limited by the ends 
of the bolster engaging plates B fixed to the sid(5 frames. The centre 

* ^With trucks for tube railways tho centre- bearing is of the ball-bearing type, 
as shown in Fig. 280 ; but with trucks for surface railways the centre-bearing is 
of the spherical-seated t\ pe. 

t With ceaches for surface railways the usual clearance between the s de- 
bearings and tho rubbing plates is about J to in. with the body of the coach antral. 
In cases where side oscillation of the coaches cannot be tolerated (as on tuTO rail- 
ways) the body is carried on the centre -bearing and both side-bearings, which are 
of the roller (or ball) type to facilitate radiation of the track. 
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and side bearings can be clearly seen in the view of the truck shown 
in Fig. 279. 

The nose on the motor frame rests on a bracket 8 fixed to the transom^ 
and is prevented from rising by the strap T. 

Wheels and axles. The standard wheel diameter for rolling stock on 
steam railways in this country is approximately 43 in., and wheels of 
this diameter have been adopted on most of the suburban electrifications 
in this country, as the trailer coaches of the electric stock can be coupled 
to standard steam stock. With underground and other railways having 
a restricted loading gauge, wheels of smaller diameter (36 to 38 in.) must 
be employed. 

The diametor of the axle at the motor bearings varies from about 
6 in. to 7Jin., according to the size of the motor, while the diameter at 
the journals varies from in. to 6 in., this dimension being influenced 
by the weight of the coach. 


Brake RiGoiNfi 

It is the general practice on steam railways to fit two brak(^ shoes to 
each wheel for all passenger rolling stock. With mot or-t rucks having a 
wheel base of from Oft. to 7 ft. there is considerable difliculty in finding 
room for the operating gear, since the position of the motors prevents 
the use of brake beams for the inner set of brake shoes. Consequently 
many motor-trucks of this wheel base are only provided w ith one brake 
shoe to each wheel. When the wheel base of the truck is of the order 
of 8 ft. to 10 ft., however, it is generally possible to provide two brake 
shoes to each wheel. 

The use of outside-hung brake shoes (enables brake beams to be 
adopted with a convenient arrangement of levers, but these advantages 
result in a tilting of the truck* when the brakes arc applied, the front 
end of the truck being depressed and the rear end raised. 1'his tilting 
action is more pronounced in trucks of the equalized type, due to the 
short spring-baso and the method of mounting the truck frame on 
equalizer bars. Wlien trucks of this typo (with outside-hung brake shoes) 
are braked to give a high retardation, the tilting action compresses the 
front springs (on the equalizer bars) and removes a portion of the load 
from the rear springs. Thus wlion the car comes to rest a reaction is 
produced which results in a sudden backward jerk of the car body. 

Brake rigging for inside-hung brake shoes. Fig. 281 shows a typical 
arrangement. As brake beams cannot bo employed, the brake levers 
must be pivoted to tho brake shoes and the force must b(^ transmitted 
in line with brake shoes. In the present case divided brake rods C 
(Fig. 281) are employed in order to clear the wheels, and are attached, 
at one end, to a radius beam if, and at tho other end to the brake levers 
D, The latter are pivoted to the brake shoes, and tho lower ends are 
connected to the brake levers on tho outer wheels by the equalizing 
rods E. 

The brake shoes of tho inner wheels are suspended, by links tr, from 

* The tilting action with outside and inside brake shoes is discussed fully in a 
paper by Mr. R. A. Parke, on “ Railroad Car Braking ** (Tramactioria of the American 
Institute of Electrical Engineers, vol. 20, p. 235). 
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brackets fixed to the side frames of the truck. The links 0 also support 
the weight of the brake levers D and a portion of the weight of the 
brake rods and equalizing rods. 

The brake levers D' (for the outer wheels) are pivoted to their respec- 
tive shoes, and the upper end of each lever is provided with a fulcrum Fy 
formed by angle brackets fixed to the side frames. This fulcrum is adjust- 
able in order to allow for the wear of the brake shoes, and the effective 
length of the e(iualizing rods is adjustable for the same reason. 

The radius beam B is usually supported by guides L attached to 
the inner head stock (see Fig. 280), and the transverse movement of the 


« I c. 



Fig. 281. — Diagram of Brake-rigging for Inside-hung Brake Shoes. 


beam is limited by the rollers M engaging with these guides. The radius 
beam and guides can also be seen in Fig. 279. 

When a tension is applied to the pull rod A, the brake shoes of the 
inner wheels come into operation first, and the thrust is then transmitted 
through the equalizing rods to the brake shoes on the outer wheels. 

Brake rigging for two brake shoes per wheel. Fig. 282 shows the 
arrangement for a motor-truck. The outsider brake shoes for both wheels 
are pivoted to the brake levers 7), which are suspended from brackets H 
on the head stocks of the trucks. The brake levers I\ of the inside shoes 
of the outer wheels are suspended in a similar manner from brackets F, 
fixed to the transom, but for the inner wheels of the trucks the inside 
brake shoes (and the brake levers Dg connected to them) are suspended, 
from brackets 0 fixed to the opposite transom, by the links K. The 
inside brake levers jD^, are of a special “ L shape, and their lower 
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ends are connected to the lower ends of the outside brake levers D 
through the equalizing levers E and the brake rods C, the other (lower) 
ends of the equalizing lovers being connected together by the adjustable 
rod R. The upper ends of the inside brake levers D 2 (for the inner wheels 
of the truck) are connected to a radius beam B by divided brake rods, 
and the radius beam is operated by the pull rod A as explained above. 

When the brakes are applied the inside shoes of the inner wheels 
come into operation first, and provide the brake levers with fulcrums. 
The thrust is then transmitted to the other brake shoes by means of the 
equalizing levers and brake rods. 

Examples ov Motor-coaches* 

General. The general design of inotor-coachos operating on the 
electrified lines of the larger steam railways in this country is, in many 
cases, similar to that of the standard rolling stock in use on those rail- 
ways. In some cases the steam trailer stock has been reconstructed as 
motor-coach electric stock. In this reconstructed stock the control and 
auxiliary apparatus is located in the motorman’s compartment (which 
adjoins the luggage? compartment), so that the reconstruction of the 
underframe of the coach has been avoided. The existing underframe 
has had to be strengthenf‘d at some j)laces, and new trucks have had to 
be provided. 

When entirely new rolling stock is provided the control and auxiliary 
apparatus may be located either under the eoach body or in the driving 
compartment. The former location is usually adopted with saloon-typo 
coaches and low- voltage? equipnu?nts, as for a given length of train the 
maximum pass(?ng(?r accommodation is obtained (which is an important 
consideration with urban railways on which the traffic is dcuise and the 
station platforms are of limiti^d Icuigth). The compartment arrangement 
of the control apparatus is usually adoj)ted for suburban railv-ays which 
have compartment type stock with luggage compartments, as the loca- 
tion of tlu? control apparatus above the floor level gives gn'ater accessi- 
bility and facilitates inspection and adjustmcuits. This arrangement is 
also desirable with high-voltage equipments, hut it is not adopted 
universally. 

j^amplcs of 1500-volt control equipment arranged for underframo 
mounting are shown in Eig. 1G8. In some cases, with high-voltage 
direct-current equipments, the compressor motor, motor generator, and 
rheostats are located in the same compartment as the control apparatus, 
but in other cases the auxiliary axqmraius is mounted under the coach 
body. In all cases where a “ high-tension ” compartment is provided 
the doors of this compartment should be interlocked with the overhead 
current collector, so that the doors cannot be opened unless the collector 
has been previously lowered. As an additional safeguard an isolating 
switch (which is connected between the leading-in wire and the piain 
circuit breaker) is interlocked with the doors. 

Motor-coaches for low-voltage, direct-current railways. • A District 
Railway (London Underground Railways) steel motor-coach is shown 
in Fig. 283. The coach is of the saloon type, with centre and end sliding 

, , * Dimonsions and data are given in Table XI, p. 412. 




ilway, London. 






’entre-ont ranee Motor-car of the London Electric (Tube) Railways. 
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doors. The underframe is of the trussed type, and is mounted on bogie 
trucks, of which one is equipped with motors. The control and auxiliary 
apparatus is fixed to the underframe, and the boxes containing the 
contactors, reverser, and circuit-breaker can be seen in the illustration. 
Each truck is equipped with positive and negative collector shoes, and 
all collector shoes of like polarity are connected in parallel by means 
of “ bus-line cables. 

A typical motor-car in service on the London Electric (Tube) Railways 
is shown in Fig. 284. The car is of the saloon typo and is constructed 
principally of steel (see Figs. 275, 276), any essential woodwork being 
rendered non-inflammable. It is mounted on bogie trucks, of Avhich one 
is equipped with motors.* 

Tlio control and auxiliary apparatus is located in a steel compartment 
aVjovc the motors, the floor of this compartment being about 20 in. 
higher than that of the passenger com})artment in order to clear the 
motors. Removable louvred shutters are provided for the purposes of 
ventilation and inspection of the apparatus. 

Fig. 285 shows a j)ortion of the apparatus in the control compartment 
of one of the latest motor-cars, tlK^ remainder of the apparatus being 
located on the opjAOsite side of the (central) gangway. These equipments 
are arranged for automatic acceleration. Provision is made for cutting 
out a defective motor and for operating the car on the remaining motor. 
The accelerating relay and the switches for the control and auxiliary 
circuits are mounted on the steel partition which divides the control and 
driving compartments. -j* Views of a driving comi:artnient are shown in 
Fig. 286. 

''riie passenger compartment is entered either at the centre (the doors 
of this entrance Ix'ing operated pneumatically) or at the trailer end from 
a platform. The adjoining car has a similar platform, and each is pro- 
vided with collapsible gates, which, together with the end doors of the 
saloons, are operatc'd manually by a conductor. The platforms facilitate 
the distribution of passengers between adjacent cars, and the conductor 
superintends the entraining and detraining of the ])assengers, giving a 
bell signal to the guard immediately this is completed. In this manner 
heavy passenger traffic is handled very expeditiously, and the duration 
of stop rarely exceeds 20 seconds. f 

Trains normally consist of tw o motor-cars and four trailers, the motor- 
cars being at- the ends. For light traffic the trains are divided, and consist 
of one motor-ear and tw'o traih^rs. 

The Southern Railway’s motor-coaehes have the control and auxiliary 
apparatus located in a separate compartment at the driving end of the 
coach. This compartment adjoins the luggage compartment, and the 
arrangement of the apparatus is shown in Fig. 287. C)nly one truck (viz. 

* Oil tube railways tho Ministry of Transport will allow motors to bo carried only 
at one end of a inolor-car, and no main cables may bo carried through the train. 
Mofeovor, tho whole of the control and auxiliary apparatus for caeli motor-car 
must be located in a steel compartment above tho motors. 

t In earlier motor-cars these switches and the accelerating relay were mounted 
on a slate fanel in the driving compartment. Tho present arrangement, however, 
occupies less space and results in easier installation and wiring. 

X Further information on the traffic organization of the London Undergroimd, 
and other British Railways, is given in British Railway Practice, by Bernard K. Holt. 




FifJ. 285. — View of Control Compartment of Motor-car. 
(General Electric Equipment). 






(General Electric Equipment.) 
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that below the control compartment) of each motor-coach is equipped 
with motors, but these are of relatively large output (300 h.p.). 

The rolling stock on this railway is of the compartment type and 
follows the general design of the steam rolling stock ; in fact, a large 



Fig. 287. — Flevalion and Plan of iho Control and Driving 
Compartment of a Motor-coach on the Southern Railway 
(Western Section). 


portion of the suburban steam rolling stock was reconstructed fpr electric 
service. Two motor-coaches arc permanently close-coupled to a trailer 
coach and form a “ train unit,” the trains being made up of one, two, or 
more units as required. As the trailer coach of each unit is arranged 





Fio. 288.— Three-ooach Train 
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between the motor-coaches of that unit, no driving compartments are 
provided in any of the trailer coached. 

The original motor- coaches had the reconstructed (driving) end of 
parabolic shape (see Fig. 287) to reduce the head resistance (see Chapter 
XVIII), but the later motor-coaches have almost flat ends. 

Fig. 288 shows a three-coach train unit of the London, Midland and 
Scottish Railway (London suburban lines) which is representative of 
British compartment-type rolling stock. In this case the train unit 
consists of one motor-coach and two trailers, one of 'the latter having a 
driving compartment and current-colhjcting gear. The motor-coach has 



Fig. 289. — 1500-volt Motor-coach, Cape Town Suburban Railways. 
(English Electric Equipment.) 


a four-motor equipme^nt, and the whole of the eontrol apjiaratus is located 
in a compartment at the driving end. 

Motor-coaches for high-voltage, direct-current railways. These rail- 
ways are usually supplied from an overhead distribution system, and the 
cuiTent collectors are of the pantagraph type. The S^chesteNBury 
(1200- volt) section of the L.M.8. Railway, however, is an exception ; 
side-contact collector rails being employed for distribution, and collector 
shoes (p. 336) for current collection. 

The motor-coaches on this line are of the end-door saloon typo (with 
communicating doors between the coaches) and are constructed mainly 
of steel. Each coach is equipped with four 200 h.p., 1200- volt, motors ; 
a 10 kW., 1200/100- volt, rotary transformer (which supplies cthe control, 
auxiliary, and train lighting circuits) ; a 5 h.p., 100-volt motor coupled 
to an exhauster for the vacuum brake. The rotary transformer, exhauster 
set, and starting rheostats are located under the coach. The control 
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equipment* is located in two high-tension compartments (one at each 
end of the coach), each of which contains the control gear and isolating 
switches for a pair of motors. An auxiliary compartment contains the 
control gear and isolating switch for the rotary transformer. The isolating 



Fio. 290. High-tension (Control) Compartment of Motor-coach. 
( Knglish-Eloctric Equipment. ) 


switches are interlocked with the doors of the compartments and prevent 
the latter being opened when the former are closed. The driving com- 
partments^are adjacent to the- high-tension compartments. 

The Cape Town Suburban Railways provide an example of 1500-volt 

* A full description of the control equipment and motors is given in Ekdric 
Motors and Control Systems, pp. 263-269. 
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motor-coach cquipiiumt with pantagraph current collectors. Each motor- 
coach has two vacuum -controlled pantagraphs, either of which can be 
used as desired, the selection being by a selector cock in the driving 
compartment of each coach. The raising and lowering of the pantagraphs 
throughout the train is controll(»d by electrically-operated valves on the 
several coaches, the ojjcraling current being taken from the control 
circuit through a master switch in each driving compartment. The two 
pantagraphs on each coach arc inter-connected by a bus line on the roof 
of the coach (Fig. 280), from which a connection is taken through a choke 
coil (with a tap to a lightning arrester) and fuse to the high-tension coin- 
part nu^nt. The pantagraphs on the separate coaches, however, are not 
inter-connected (i.e. each motor-coach is a separate unit in so far as its 
high-tension side is concerned). 

The control gear for ihe^ motor equi])m(‘nt (viz. four 200 h.p., 750- 
volt motors) is contain(‘d in a main compartment (Fig. 200) ; that for 
the auxiliary machines, tog(*ther with the isolating switches, is contained 


Motor Coach Ihailei* Motor Coach Trailer Motor Coach 



Fj(i. 201.— Arrangeineiit of Twin Biis-lino for Control and 
Lighting Cin*iiits. 

in an adjoining compartment, the door of which is interlocked with the 
isolating switches and also with the pantagraph. 

Thi* auxiliary equipment is mounted on the underframe and consists 
of a 5-5 kW., 1500/1 10- volt, motor generator (which supplies the control 
and lighting circuits), and a rotary exhauster couph'd to a 1500-volt 
motor. The exhauster runs continuously and maintains a vacuum of 
20 in. of mercury in the train ])ipe, except during brake applications, 
when it is cut off by an electrically -operated valve. On the release of the 
brakes the exhauster is speeded up by weakening the field of the motor, 
a special contactor (which is operat<'d by a contact on the brake valve) 
being provided for this j)urpose. 

A feature of interest is the provision of a low-voltag() twin bus line, 
together with selector switches, for the control and lighting supply on 
each coach. The arrangement is shown diagram matically in Fig. 291. 
Three-way and two-way selector switches are provid(*d in each motor- 
coach and trailer respectively, and, according to their positions, (1) the 
leading motor-coach mfiy receive its lighting and control circuit supply 
either from its own motor generator or from a motor generator on one of 
the coaches coupled to it ; (2) the lighting circuits of any other motor- 
coach on the train may be supplied from either the motor ggnerator on 
that coach or from a motor generator on a coach in front or behind ; 
(3) the lighting circuits of any trailer coach may be supplied from the 
mqtor-coach either in front of or behind it. 
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Fig. 292 shows an alternative arrangement of a high-tension com- 
partment with all-cloctric, cam-shaft, control gear. In this case the 
whole of the auxiliary apparatus and starting rheostats are located in the 
high-tension compartment, the rheostats being mounted near the roof. 
This arrangement of the control and auxiliary apparatus in a single 
compartment is generally pnjferred to the distribution of the apparatus 



Vi(5. 292. — Iligh-tcnsioii (Control) Compartment of Motor- 
roach with Kngl is) i -Electric Equipment. 

A, cani-sliaft controller; Ji, line contactors; C, reverser ; 7), motor cut-out 
switj’li; A’, control circuit rheostats; Fy Held sliuiiting contactors; tr, 
cam-shaft motor relay; H, starting rheohtats. 

under the coach, as it conduces to greater safety and protects the auxiliary 
apparatus from road dust. 

A motor-coach (equipped for a 2400- volt supply circuit) for interurban 
service in Central Italy is shown in Fig. 293. This coach has accommoda- 
tion for 55 seated passengers, its weight, unloaded, being 29 tons. It is 
normally operated in conjunction with two trailer coaches and one or two 
goods? wagons, the total train weight, loaded, being about 90 tons. The 
electrical equipment comprisc^s four 100 h.p., 1200- volt, 6-polo, self- 
ventilated motors; a cam -operated main controller with pneumatically- 
operated reversing drums ; a pneumatically-operated main switch ; and an 
air compressor. The controller, reversers, and main switch are located in 
a high-tension compartment in the centre of the coach ; the cam-shaft of 
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the controller being operated through shafts and bevi^l gearing fromj^hand- 
wheels in the driving cabs. The compressor and rheostats are supported 
from the underframe of the coach ; the latter being enclosed in a sheet steel 
casing fitted with inspection covers and ventilating openings. 

The heating of the motor-coach and also that of the trailers is supplied 



Fig. 294. — High-tension (loft) and Low-tension (right) Compartments 
on Single -phase Motor-coach. 


directly from the traction circuit, the connection between the coaches 
being mounted on the roof. The lighting circuits arc supplied, at 12 volts, 
from accurpulators. 

Motor-coadies for single-phase railways. The motor-coaches which 
were formerly in service on the suburban lines of the London, Brighton 
and South Coast Railway provide a good example of the arrangement of 
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the control and auxiliary apparatus. In this case the main transformer, 
contactors, and compressor are mounted on the underframe ; the high- 
tension apparatus is located in a steel compartment ; and the low-tension 
protective apparatus is located in an adjoining compartment. Fig. 294 
is a view of the high- and low-tension compartments, which adjoin the^^ 
driving and luggage compartments. The upper part of the high-tension 
compartment contains the fuses for the main and auxiliary transformers, 
choke coil, earthing switch, and lightning arrester. The central part of 
the compartment contains the electrically-operated oil switch for the 
main transformer, and the current transformer for supplying the over- 
load relay and the ammeter in the driving compartment. The auxiliary 
transformer (which supplies the control and lighting circuits)* is bolted 
to the floor. The door of this comjmrtment is mechanically interlocked 
(by the levers shown in the roof) with the bow collectors, and cannot be 



opened if cither bow is raised. Moreover, the opening of the door closes 
the earthing switch, and so earths all the high-tension wiring. 

The low-tension compartment contains the control circuit cut-out 
switches, fuses, and connection boxes. 

In a number of Continental motor-coaches in whicli the contactor 
system of tap-changing is employed, the contactors and other low- 
voltage apparatus are mounted on the underframe, and the high-tension 
apparatus, including the transformer, is located in a central compart- 
ment in the coach body. Such an arrangement is standardized on the 
German State Railways, a typical motor-coach being shown in Fig. 295. 
A contactor group for this coach is illustrated in Fig. 192. 

Fig. 296 illustrates a motor-coach (Swiss Federal Railways) for coupling 
to passenger (trailer) coaches. No passenger accommodation is provided 
on the motor coach, the interior of wliich is utilized for luggage and parcels. 

Detail views of one of the trucks and the mounting of a motor are 
shown in Fig. 297, in which the flexible gear-wheel should be noted. Qctail 
views of the motor are shown in Fig. 60, page 110. The control equipment 
is of the electro-pneumatic individual contactor type, and is arranged for 
automatic acceleration and regenerative braking. The contactors and 

* A simplified diagram of connections is given in Electric Motors and Control 
Systems, p. 318. . 




Fig. 296. — Single-phase Motor-coach, Swiss Federal Railways. (Oerlikon.) 
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reversers, together with the high-tension switchgear, are contained in steel 
compartments in the interior of the coach, the contactor and reverser 
compartment being shown in Fig. 298. Another compartment contains 
the motor-driven blowers and oil pump for cooling the transformer and 
traction motors, together with the 36-volt, direct-current, train-lighting 
generator (which is coupled to one of the blower sets). 

The main transformer is mounted under the coach, and is cooled by 



Fjfj. 297. Oorlikon Single-pliase Motor Mounted on Axle, and Truck 
Complete with Motors. 


forced circulation of the oil. The oil is cooled in an external tubular cooler 
by an air blast. 

The motor-driven air-compressor and the battery of accumulators (for 
train lighting) are also carried from the underframe. 

A departure from the usual design of motor-coach is due to the 
Oerlikon Co.* and consists of the use of a single frame-mounted motor, 
of moderately largo size, mounted upon a locomotive truck to form a self- 
contained driving unit (or locomotive) which is close-coupled to the 
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passenger compartment. Fig. 299 shows the arrangement. The motor 
has a rating of about 500 h.p., and is mounted on the frame of a three- 
axle locomotive truck having two coupled driving axles and a pony axle. 
It is geared to a transverse shaft which is fitted with cranks, to which 
the crank pins on the driving wheels are coupled by an inverted ‘‘ scotch 
yoke ” (p. 432). The truck frame is close-coupled to the underframe of 
the passenger compartment, which is mounts upon a bogie truck at 



the far end and a single axle at the near end. The whole of the electrical 
equipment is contained in a body built upon the locomotive truck. 

Bbakes 

The brakes on railway passenger rolling stock are always operated by 
power, since it would be impossible to obtain sufficient braking force 
with hand-operated brakes. Hand brakes, however, are fitted to motor- 
coaches and guards’ compartments for operation by the motorman or 
guard in cases of emergency. 

Two types of power brakes have been developed, viz. the compressed 
air (or Westinghouse) brake, and the vacuum brake. The former brake is 
largely used on electric railways, and is also extensively adopted in 
America on steam railways. The vacuum brake is standard on all our 


TABLE XI 





Fig. 299. — Oerlikon Motor-coach with Self-contained Drivinj? Unit. 



414 


ELECTRIC TRACTION 


largo steam railways, and has been adopted on some electrified lines (e.g. 
the Lancashire sections of the London, Midland and Scottish Railway, 
and other railways abroad). 

For electric railways the compressed-air brake possesses some advan- 
tages over the vacuum brake, as compressed air can be stored so that a 
quick release of the brakes can be obtained ; whereas, with the vacuum 
brake, the vacuum must be created by means of a pump or exhauster. 
This disadvantage, however, can bo overcome by the use of either vacuum 
reservoirs and equalizing valves, or a two-speed exhauster. 

vacuum brake. In its simplest form this brake consists of a 
vertical cylinder (called the brake cylinder) fitted with a piston and 
piston rod, the latter operating the brake rigging through suitable levers. 
A vacuum is maintained continuously on the top of the piston, while air — 
at atmospheric pressure — can be admitted to, or exhausted from, the 
underside of the piston. Under normal conditions (i.e. brakes off) a 
vacuum is maintained on both sides of the })iston, and the latter rests 
against the lower cylinder cover. When an application of the brakes is 
required, the vacuum is broken on the underside of the piston and the 
latter is forced upwards, thereby a})plying the brakes. The brakes are 
released either by re-creating the vacuum, or by equalizing the pressure 
on each side of the piston. 

In practice each coach is equipped with one or two brake cylinders 
(according to the nature of the brake rigging on the bogies) which are 
connected to the “ train pipe,” as shown in Fig. 300. The latter is con- 
tinuous throughout the train, and is connected to the operating (or 
driver’s) valve on the locomotive or motor-coach. On steam trains this 
valve is a combination of an air valve and two steam (ejectors, one large 
and one small. Under normal conditions the small ejector maintains the 
vacuum in the train pipe, wliile the large ejector is only operated for 
releasing the brakes. On electric trains these ejectors arc replaced by a 
motor-driven exhauster (or vacuum pump) which is run at two speeds — 
one being double the other — the higher speed being only used for releasing 
the brakes. With continuous-current equipments the lower speed is 
obtained by inserting a rheostat in series with the motor, and the rheostat 
is cut out when the driver’s valve is moved to the “ off ” or “ release ” 
position. With single-phase, alternating-current equipments two or more 
operating speeds for the exhauster motor can readily bo obtained from 
tappings on tlio transformer. 

One type of vertical brake cylinder (manufactured by the Vacuum 
Brake Co.) is shown in Fig. 300. The cylinder A is combined with the 
vacuum chamber B, which is provided with trunnions for mounting in a 
vertical position under the coach. The piston C is an easy fit in the 
cylinder, and is provided with a rolling rubber ring Z>, while the piston 
rod E is provided with a packing gland in the lower cylinder cover. The 
sides of the piston near the top are provided with three small holes pnd 
ball valves (one of which is shown at F), by means of which communica- 
tion can be established between the vacuum chamber and the underside 
of the piston when the pressure in the former exceeds that in'the lower 
portion of the cylinder. This portion of the cylinder may be connected 
directly to the train pipe, or the connection may be m^e through an . 
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automatic valve as described below. The vacuum chamber can also be 
connected to the train pipe through the release valve G, which is normally 
held on its seat by atmospheric pressure acting on a diaphragm. 

When the brake is off ” the vacuum is maintained in the train pipe, 
vacuum chamber, and on the underside of the piston, and any air which 
finds its way into the vacuum cylinder is exhausted through the ball 
valves. When an application of the brakes is required, the train pipe is 
opened to the atmosphere, and air is admitted to the underside of the 
piston, which is moved upwards. The force with which the brake shoes 
are applied to the wheels depends on the rapidity with which the vacuum 



Fio. 300. — General Arrangement of Esstmtial Parts of Vanuim Brake 
(Vacuum Brake Co.). 


is destroyed, while the brakes may bo partially released by partially 
restoring the vacuum. 

■The air in the train pipe is prevented from reaching the vacuum 
chamber (and the top of the piston) by the ball valves and the packing ring. 
The function of the release valve is to allow the brakes to bo released on a 
coach which is disconnected from the locomotive. This is done by lifting 
the yalve from its seat, which equalizes the pressure on both sides of the 
piston, thereby allowing the latter to return to the bottom of the cylinder. 

When a quick-acti^ brake is required on a long train, the brake 
cylinders are not connected directly to the train pipe but to auxiliary 
valves which are connected to the train pipe and to the atmosphere. 
A cross-section of one type of auxiliary valve (called a ** quick-acting 
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application valve ”) is shown in Fig. 300. A rubber-seated valve J is 
provided with a diaphragm A, over which is placed a small air chamber 
This air chamber communicates with the train pipe through a small 
annular space formed by the fixed stem L and a central hole in the body 
of the valve J, The underside of the diaphragm and the top of the 
valve J can be placed in communication with the atmosphere by means 
of the hinged clap valve P. Under normal conditions valve J is main- 
tained on its seat by the excess of pressure on the upper part of the valve, 
the underside of the latter and the top of the diaphragm being connected 



Fig. .301. — General arrangement of essential parts of Westinghouse Quick- 
acting Compressed-air Brake (Westinghouse Brake Co.). 


to the train pipe (at M). When an application of the brake is required, 
the vacuum in the train pipe is destroyed by operating the driver’s valve. 
This unseats the valves J and P, ami air is admitted through the latter 
to the train pipe and brake cylinder, thereby producing a rapid application 
of the brakes throughout the train. 

The compressed-air brake. In its simplest form the compressed-air 
brake consists of a reservoir (in which compressed air is stored), a brake 
cylinder, an operating valve, and a train pipe. The brake cylinder is of 
the single-acting type, and is shown in Fig. 301. 

The brakes are kept ‘‘ off ” by springs in the brake cylinders acting 
against the pistons, while they are applied by admitting compressed air, 
from the reservoir, to the back of the pistons, the force of the Application 
depending upon the quantity of air admitted to the brake cylinders. The 
brakes are released by exhausting the air from the brake cylinders. 
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When this brake is used on trains consisting of several coaches, 
additional features are required in order to obtain quick action of the 
brake throughout the train. These features are shown in Fig. 301. Each 
coach is equipped with a brake cylinder, an auxiliary reservoir, a “ triple 
valve,” and a “ train pipe ” (to which the triple valve is connected) ; while 
the motor coaches arc equipped, in addition, with a compressor, a main 
reservoir, and the operating (or driver’s) valve. 

The train pipe is continuous throughout the train, and is connected to 
the driver’s valve, to which is also connected a pipc^ from the main 
reservoir, and a connection to the atmosphere. 

The main reservoir pipe is also continuous throughout the train, and 
it connects the main reservoirs to the compressors. E.ach coach of a 
motor coach train must, therefore, be providc'd with two hose couplings 
at each end (sec Fig. 288). 

The driver’s valve is of the rotary type, and can connect (1) the train 
pipe to the main reservoir, (2) the train pipe to atmosphere ; while it 
can also cut off the connection between the train pipe, the main reservoir, 
and atmosphere. 

The function of the triple valve -is to admit air from the auxiliary 
reservoir to the brake cylinder, this operation depending upon the 
dijference of pressure between the auxiliary reservoir and the train pip(\ 
When the pressure in the auxiliary reservoir exceeds that in the train pipe 
(such as would happen if the driver’s valve connected the latter to 
atmosphere) the triple valve admits air to the brake cylinder and the 
brakes are applied. On restoring the pressure in the train pipe (e.g. by 
connecting it to the main reservoir), the triple valve releases the air in 
the brake cylinder and charges the auxiliary reservoir. 

Ill order to secure a quick release after an application of the brakes, 
the pressure in the auxiliary reservoirs is about 20 lb. per sq. in. lower 
than the pressure in the main reservoir (which is between 80 and 90 lb. 
per sq. in.). With normal applications of the brake it is necessary to 
discharge the air gradually from the train pipe and to stop the exhaust 
gently. This is accomplished by means of an equalizing piston in the 
driver’s valve, in conjunction with a small reservoir (called the equalizing 
or brake valve reservoir). The equalizing piston controls the exhaust 
valve (in the driver’s valve) for the train pipe, and is operat(^d by the 
difference of pressure between the brake valve reservoir and the train 
pipe. The driver’s valve is constructed so that for normal applications of 
the brake, the air is exhausted from the brake valve reservoir, and by 
means of the equalizing piston a corresponding reduction of pressure is 
obtained in the train pipe. 

The gradual reduction of pressure in the train pipe causes the triple 
valves to admit air gradually from the auxiliary reservoirs to the brake 
cylinders, so that the brakes are applied gradually throughout the train. 

When a rapid application of the brakes is required in cases of emergency 
the driver’s valve is arranged to exhaust air directly from the train pipe, 
thereliy producing a sudden reduction of pressure. Under these con- 
ditions the triple vab es admit air from both the train pipe (through a 
check valve)r and the auxiliary reservoirs to thc^ brake cylinders, so that 
a rapid application of the brakes occurs throughout the train. 

With the above forms of the compressed-air brake a reduction in the 

H (5on) 
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braking effort (after the brakes have boon applied) can only be obtained 
by fully releasing the brakes and rc-applying them . 1^1118 disadvantage 
has recently been overcome by the introduction of a variable release 
device,* by moans of whicli the release of the air from the brake cylinders 
is under control, so that the brakes can bo partially released. 

* Kor (lotailH of llie variable release air brake, see The Klaciric Journal, vol. 10, 
p. I.'IO, article on “ 'Hio Klcctric-riicumatic Brake Rysl/om.” 



CHAPTER XV ri 

JiLICCTRlC LOCOMOTIVES 

General Considerations 

General classification. Long-distance main -line traffic involves high 
operating speeds and the running of various types of rolling stock, such 
as restaurant and dining cars, sleeping saloons, corridor and non- 
corridor coach(^s, brake vans, etc. Such traffic is best handled by 
locomotives. Moreover, on a large railway s^^steni there are two other 
classes of traffic for which locomotives are necessary, viz. (1) local pas- 
senger traffic, intermediate between suburban and long-distance traffic ; 
(2) fr(‘.ight or goods traffic (witli wl)i(;h must be included the marshalling 
and shunting operations). 

Thus a larg(^ railway system will recpiirc at least three classes of 
locomotives, viz. (1) “ express passenger ” locomotives, capable of giving 
large outjnits (1000-2000 li p.) at high speeds (GO-90 ml.p.h.) ; (2) “ local 
j)asseng(u* ’* locomotives of moderate output ; (3) “ goods ” locomotives, 
giving large outputs at slow speeds. In addition, a few “shunting” 
locomotives will bo required for working the marshalling yards and large 
sorting sidings. 

Mechanical design. The mechanical design of an electric locomotive 
involves many coiisid(Tations, some of which arc external to the loco- 
motive and otlu'Ts are concerned with the operating requirements. The 
former include the loading and track gtaugcjs, the strength of the per- 
manent way, and tlu^ strength of the couplings and draw-gear of the 
rolling stock. JMoreovi'r, the wheel arrangement and the disposition of 
the various parts of the locomotive must be considered with reference 
to the wear and the cost of maintenance of the permanent way. 

The operating requirements concern the draw-bar pull and speed, 
the weight to be carried on the driving axles, the running qualities, and 
the cost of maintenance of the locomotive itself. 

External considerations, (1) The loading gauge affects both the 
overall width and lieight of the locomotive. When overhead collectors are 
employed the lowi'st operating position of the collectors must be wdthin 
the loading gauge, aiul the height of the roof must be arranged accordingly. 

The track gauge affi^cts the overall length of the motor, and the effect 
of this limitation on the output is discussed in Chapter IV. 

(2) The strength of the permanent way limits the maximum load 
which (uin be carried on each driving axle. In this country the limit is 
about 20 tons, but in Americia axle loads u]> to 25 tons are j)ermissible 
on some of the largo trunk railways. 

T^ie strength of bridges limits the number of driving axles (janying 
limiting loads and the total wheel-base over which these loads are dis- 
tributed. In this country, under steam locomotive conditions, the. 
limiting axTe load (20 tons) may be carried on each of three driving 
axles having an overall wdieel-base of 14 ft. 

(3) Thc^ strength of the couplings and draw-gear limits the maximum 

410 
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draw-bar pulJ. With the passenger rolling stock in use on our main line 
railways the draw-bar puU at starting must be limited to about 16 tons. 
But with goods trains in this country the draw-bar pull must be limited 
to about 12 to 14 tons, on account of the large number of privately- 
owned wagons in use.* When specially built wagons are employed, the 
limitii]g value of the draw-bai* pull can be raised to about 30 tons. 

(4) The wear and maintenance of the permanent way is affected by a 
number of features, such as traffic density, wheel arrangement, size of 
driving wheels, height of centre of gravity of locomotive, etc. Generally, 
for a given traiHc, the track wear and maintenance will bo reduced if 
the locomotive has a leading bogie, driving wheels of medium to large 
diameter, a high centre of gravity, and a minimum of dead, or non- 
sj)ring-borne, Aveight on the axles. 

Operating requirements. (1) The draw-bar pull required in a given 
case can be estimated when the weight of the train, the acceleration, the 
gradient, and the train resistance arc knowm. 

(2) The total weight to be carried on the driving wheels (called the 

adhesive weight”) is determined by the condition that the locomotive 

shall exert the required tractive effort without slipping the wheels. 

The ratio of the tractive effort to slip the wheels and the adhesive 
weight is called the “ coefficient of adhesion,” the value of which is 
influenced by the condition of the rails and also by the speed. 

Average values of the coefficient of adhesion at various speeds are — 

{Speed ml.p.h. . .0 10 20 30 40 60 

Coefficient of adhesion. 0*25 0*18 0*14 0*12 0*1 0*09 

Under normal starting conditions, wnth clean, dry rails, a value of 
0*25 may be assumed for the coefficient, and a maximum value of 0*3 
Avhen sand is used. If the rails arc Avet or greasy, the coefficient of 
adhesion Avill be much lower ; for example, Avith a thoroughly wet rail 
a A^alue of 0*18 to 0*2 is usually assumed, Avhile for a moist or greasy rail 
tl)e coefficient is of the ord(*r of 0*15. But w'ith the application of sand 
these Aalues may be increased to about 0*25. 

If the tractive effort fluctuates during starting, the maximum value 
of the tractive effort must not exceed (adhesive Avcigiit x coefficient of 
adhesion). Hence the more uniform the tractive effort during the starting 
and initial accelerating ])eriods the heavier Avill be tlu? train Avhich can 
be operated by a locomotiA^e of giA'cui adhe^sive Aveight. I’his point is of 
considerable importance for goods traffic, Avhere the weight of the train 
usually approaches the maximum Aveight which can be handled by the 
locomotive. 

(3) The running qualities are influenced by the Avheol arrangement, 
the height of the centre of gravity, and the disposition of the masses of 
the various parts w ith r(^s])cct to the longitudinal and transverse axes of 
the locomotive. Good running qualities are characterized by freedom 
from Adbration and oscillations at all speeds. These qualities are obt&ined 
by a symmetrical disposition of the masses about the longitudinal and 
transverse axes of the locomotive, a moderately high centres* of gravity, 

* The usual tyf)o of coupling on wagons is testod to 50 tons, and a factor of 
safety of 4 is usually allowed. 
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dynamic balancing of the rotating parts, and, for high-speed working, a 
guiding bogie. Without these features trouble is usually experienced 
at moderate and high speeds, due to transverse oscillations (termed 
“ nosing ”) of the locomotive between the track rails, causing “ spreading” 
of the latter on account of excessive lateral pressure from the wheel flanges. 

Speed-torque characteristics. In all electric motors operating at 
constant voltage (and constant frequency in the case of alternating-current 
motors) the speed and torque are intimately connected with each other, 
as has been discussed in Chapters IV, VI. With scries motors the 
speed increases as the torque decreases, and large variations of torque 
produce large variations in speed. On the other hand, with shunt and 
induction motors the speed is almost unaffected by variations of torque. 

Such characteristics arc unsuitabh; for traffic requirements and do 
not compare favourably with those of steam locomotives, in which, by 
regulation of the cut-off, the speed and tractive effort are almost inversely 
proportional to each other (i.e. the output is constant) over a wide range*. 

More favourable characteristics, however, can be obtained with electric 
locomotives having series motor equipments by voltage and field control. 
For example, with single-phase locomotives, regulation of speed over 
the whole rangci is effected by voltage control. In this case the speed- 
output characteristic is governed by limitations of heating and com- 
mutation, the permissibhi output increasing with the speed until the 
maximum value (as governed by the prescribed limitations) is reached. 
Fig. 65 (p. 113) shows the s]3eed-out put characteristic for one of the* 
motors of a modern single-phase locomotive. 

Again, with direct-current locomotives dynamical characteristics some- 
what similar to those of steam locomotives can be obtained by the 
combination of double series-parallel and field control when three or 
more weakened field steps are provided. In this case, for a given com- 
bination of the motors, when the speed is controlled by field w'eakeniiig, 
the permissible torque — as governed by limitations of heating and com- 
mutation — varies approximately invers(*ly with the spec'd, and therefore 
the permissible output is apjjroximately constant over the operating 
range for this combination of the motors. 

Power plant. In general, the main power plant of a locomotive may 
consist of either one or two motors of largo output or a number of motors 
of moderate output. The number of motors to be emplo 3 ’'cd in a given 
case depends largely upon the power requinal, the method of speed 
control, and the s^^stem of power transmission. For example, with 
single-phase equipments duplication of the motors for purposes of speed 
control is unnecessary, and a single motor may be emplo^^ed if the operat- 
ing conditions are suitable. Similarly, with three-phase equipments, a 
single motor could be employed under suitable conditions, as four speeds 
could be obtained by two pole-changing stator windings. But two motors 
are necessary if cascade control is to be emplo^’ed. On the other hand, 
with direct-current equipments, in which the motors are wound for the 
line voltage, two motors are necessary for series-parallel control and four 
motors for aouble series-parallel control. With high-voltage equipments, 
in which each motor receives a fraction of the line voltage, a corre- 
sponding increase in the nuinlK^r of motors is necessary. Thus, in general, 
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single-phase locomotives may have either a single motor or two, or more, 
motors ; three-phase locomotives have usually two motors ; direct- 
current locomotives with double series-parallel control must have at 
least four motors, and in some cases (e.g. 3000 volts) six, eight, or twelve 
motors may be necessary. 

Power transmission. Tlio driving axles may be driven either indi- 
vidually or collectively, the power being transmitted from motors to 
axles, either directly or through gearing. The individual axle drive is 
usually preferred when three or more motors are available, and the 
collective drive is employed with a single motor or with two motors. 
In some cases, when the adhesive w('ight must be distributed over a long 
wheel base, a distributed collective, or group, drive is employed, groups 
of two or three axles being coupled and driven by a single motor or a 
pair of motors. 

The individual axle drive may be applied in a number of ways, according 
to whether the motors are axle mounted or frame mounted, and also 
whether a geared or a direct drive is to be employed. Thus we may have : 
(1) geared axle-mounted motors, (2) geared frame-mounted motors, 
(3) geared frame-mounted twin motors, (4) gearless bipolar motors with 
armatures direct on axles, (5) gearless frame -mounted motors. 

The collective and distributed-collective drives may also bo applied 
in a number of ways, some of which are direct drives with and without 
jack-shafts, and others are geared drives. 

Each method will now be considered individually, and its limitations 
and applications will be discussed. 

(1) Individual axle drive with geared, axle-mounted motors. This 
method is (jommonly employed for slow- and moderate-speed locomotives. 
The motors are arranged and mounted in a manner practically identical 
with that employed with motor-coach trains. But if motors of 300 li.p. 
and upwards are necessary, twin gearing (p. 68) is usually fitted. 

This method of 2 )ower transmission involvtjs relatively large dead, 
or uncushioned, loads on the driving axles, and is, in consequence, 
unsuitable for high sjji'cds. It has an extensive aijjdi^^alhin to freight 
locomotives, and also to “ light ” passenger locomotives for which the 
maximum speed does not exceed about 50 ml.p.h. 

(2) Individual axle drive with geared, frame-mounted motors. In 
this case, due to the motors being mounted on the spring- sujjjKnlcd frame 
r>f the locomotive, the distance between a given armature shaft and the 
corresponding driving axle is not necessarily a fixed quantity. Moreover, 
the axle may not always be paralhd to the armature shaft. Hence each 
gear-wheel must be mounted on a shaft, which must be carrK^d in bearings 
on either the motor or locomotive frame, and a fltjxible connection must 
be provided between this shaft and the driving axle. 

In one method (called the quill drive) the shaft on which the gear- 
wheel is mounted is hollow, and surrounds the axle with sufficient 
clearance to allow for the vertical play of the latter. This shaft, or^quill, 
is carried in bearings integral with the motor frame (Eig. 33), and is, 
therefore, always parallel to the armature shaft. 

The torque may bo transmitted from the quill to the driving axle by 
cither spiral si)rings or a special coupling. As, however, the geared quill 
drive is usually employed with twin motors — which, for this drive, give a 
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more favourable design than single motors — it will bo considered more 
iji detail in the following section dealing with individual axle drives with 
twin motors. ^ 

In the other method (called the quilless linkwork drive) the gear- 
wheel is connected to the driving wheel by a universal linkwork coupling. 
The gear-wheel is arranged outside the driving wheel and is carried by a 
stub shaft or pin fixed to the framing of the locomotive. Hence, as the 
motor is also supported from this framing, the shaft carrying the gear- 
wheel is, except for distortion of the framing, if any, always parallel to the 
armature shaft. 

This form of quilless drive with outside gear-wheel has been developed 
by both the Brown-Boveri and Ocrlikon Co.s.* It has been applied on an 
extensive scale by Brown-Boveri to both direct- and alternating-current 
(express passenger locomotives, which arc in service in eight countries. 

Fig. 302 shows the general arrangement of the Brown-Boveri linkworky 
which consists essentially of four links. Two of these are in the form of 
toothed segments and are pivoted in bearings in the gear-wheel. The 
other links connect the remote ends of the segments to spherical pins, 
fitted to the driving wheel. The pinion is spherically seated in a hub 
fitted with springs (as shown in Fig. 303), which damp any irregularities 
or pulsations in the torque at the motor shaft. This shaft is extended 
and is supported by an outboard bearing, in addition to the armature 
bearings in the end shields. 

The linkwork is so designed that parallel movements of the driving 
axle with respect to the gear-wheel shaft do not affect either the uniformity 
in the transmission of torque, or the constancy of the ratio of the angular 
velocities of gear-wheel and driving wheel. Oblique movements cause 
slight chjviations in each case. 

The transmission gear is enclosed in an oil-tight casing and is lubri- 
cated by forced circulation of oil. Fig. 304 shows dt^tails of the lubricating 
system. The lowest part of the gear-wheel rim is submerged in an oil 
bath, and, when running, the oil is thrown against the side walls of the 
casing and fills one or other of the oil wells a. The oil, after passing 
through a strainer, is conveyed by the pipe c to a small oil pump d, which 
is of the two-cylinder eccentric type with ball valves, and is driven from 
the gear-wheel. The oil is delivered through a hole in the stub shaft to 
the bearing of the gear-wheel, from which a portion is conveyed by 
channels to the bearings of the toothed segments and thence to the 
knuckle ends of the links, and the remainder is conveyed by pipes to 
the spherical bearings at the other end of the links. 

The springs and other internal parts of the pinion are lubricated from 
the reservoir s. Priming of the pump is effected, when necessary, by 
means of the pipe q. 

Express passenger locomotives with this form of individual-axle drive 
have given very satisfactory results in service. Monsieur H. Parodi, in 
a pajger on the electrification of a section of the Paris-Orleans railway, f 

♦ Tho Ocrlikon drive was developed for tlirce-phaso motor coaches in which a 
single frariio-rnountcd motor formed tlie driving unit ; the arrangement being 
similar (except for tho system of power transmission) to that shown in Fig. 291). 
The coupling was similar to that ilhist rated in Fig. 300, which, however, refers 
to a tpiill drive. 

t Journal, v. 04, p. 908. 




Fros. 302, 303. — l^rovvii-liovcri Lirikwork Drive rihI 
I^rlailw of Spring riiiioii. 
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gives records of the vertical, transverse, and combined longitudinal and 
rolling displacements obtained at high speeds (120 kM.p.h. = 75 ml.p.h.) 
and comments thus on the running of the locomotive — 

With a loconietive fitted with outsidc-gear drive and weighing 1 1 0 tons, 
we liave been able to haul between Paris and Etampes a C50-ton train at 
120 kM. per hour, and at this speed the locomotive runs with a smoothness 
comparable with that obtained with the best bogie coaches. 

(3) Individual axle drive with geared frame-mounted twin motors. 

This form of drive (in which each driving axle has a pair of motors geared 



Fn;. .*U)4. -Method of Lubricating Jirown-Hovori 
Liiikwork Drive. 


to it, the pillions meshing \Nith a common gear-wheel) was originally 
fleveloped by the Westinghouso Oo. for single-phase locomotives to enable 
two motors to be connected permanently in series, in order to obtain, 
for a given output at the axle, higher voltages and smaller currents in 
th<^ main circuit compared with those of a single motor of the same 
aggregate output. More'over, for a given wheel diameter, track gauge, 
and gear ratio a greater output can be obtained at the axle with a twin 
motor than with a single motor. 

The drive w^ith tivin motors is now employed by a number of manu- 
facturers. It is usually applied with the armature of each twin motor 
arranged side by side and, in many eases, built into a common frame 
(Fig. 33). But recently a tandem arrangement of the motors has been 
developed which possesses certain advantages over the usual arrangement. 

The twin-motor is particularly desirable for high-voltage direct- 
current equipments when two motors have to be comiected permanently 
in scries. Jn this case, since both armatures are mechanically coupled 
together by the common gearing, the voltage applied to a twin motor is 
always divided equally between the armatures. On the other hand, if 
separate series-connected motprs driving individual uncoupled axles 
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were employed, there would be a possibility, should slipping of the wheels 
of one axle occur, of one motor receiving more than its normal voltage. 

In practic(^ both the “ inside ” and “ outside ” positions of the 
gear-w'heel, relatively to the driving wheel, are employed. With the 
“ outside ” position of the gear-wheel a universal linkwork coupling, 
similar to that (Pig. 1^02) for the corresponding drive with a single motor, 
must be employed. 

With the “ inside ” position of the gear-wheel a quill drive is necessary, 
In this case the driving wheels are connected to the quill either by springs 
or by a universal coupling, the former arrangement being due to the 
Westinghouse Co. and the latter to the Oerlikon Co. 



Fio. -WVstingliouso Quill Drivf, 


In llu^ Westinghouse quill drive (Fig. 305) the driving springs lit 
between certain spokes of the wheels and spring-cap brackets fitted to 
th(i flanges at each end of the quill. The springs, in addition to trans- 
mitting torque, tend to maintain axle and quill concentric, but they 
allow relative vertical and limited oblique motions (due to irregularities 
in the track) to occur betw’^een thes(i parts. When axle and quill arc 
concentric, one half of the springs on each side arc in c<jinpression and 
the other half are in tension. 

The Oerlikon quill drive with universal coupling has been dc^vt^loped 
in two forms, one having the coupling outside the driving wlieel, and 
the other having the coupling betw^cen the driving wheel and the motor. 
The former arrangement is employed for standard and narrow gauge 
locomotives, and the latter has been dcvclojied for broad gauge locomo- 
tives with largo driving wheels, in which sufficient axial space is available 
between the wheel hubs to accommodate motors, gearing, and coupling. 

The “ outside ” form of coupling is shown in Fig. 306, this illustration 
referring to an example in which couplings are fitted at both ends of the 
quill. The pins A are fixed to the quill and project through openings 
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in the driving wheels to carry the pivoted levers B, The inner ends of 
these levers are connected by a ligid link C, and their outer ends are 
connected by flexible telescopic links D, to pins Ey fixed to the driving 
wheel. The flexible telescopic links D contain volute springs and enable 
relative movements to take place between driving axle and quill. The 
(jnds of those links and the pins connected to them have spherical bearings. 

The “ inside ’’ form of coupling is shown in Fig. 307. This coupling 
is totally enclosed and is provided with forced lubrication from two 



Fio. IK)0. — Oorlikon Quill Drive with Outside Coujdijigs. 

small oil pumps eiu*los(*d in the casing. The outer portion of the 
casing is of cast steel and is integral with the quill. The inner portion, or 
cover, is completely removable only when the quill is free from the 
motors, but hand-hole covers are })rovided for inspection purposes. The 
coupling proper consists of a quadrilateral frame which surrounds 
the quill and is construeled in two parts to facilitate dismantling. Pins 
are fitted at the four corners of the frame. Two of the pins are seemred 
to gliide blocks which slide in guides in the casing. The other pins E 
are connected by rigid links D to pins F, fitted to the driving wheel. 
These links, and also the portions of the pins connected to them, have 
spherically-seated bearings to ix'rniit the quill to mov(^ obliqmdy with 
r(*spect to the driving axle. 

The torque is transmitted from the quill to the coupling frame by 
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means of the pins and guides A, B : thence it is transmitted to the 
driving axle by means of the pins E, F, and the links D. The coupling 
frame, therefore, rotates with the quill, and relative movements of frames 
and casing occur only with relative movements between driving axle 
and quill. 

Eubrication is provided by means of two small plunger oil pumps, 
which are operated by the motion of the coupling frame relatively to 
the casing, and supply oil, by means of pipes, to the bearings and guides. 

The gear-wheel is fitted to the end of the quill remote from the coup- 
ling, and laminated springs are inserted between the hub and the rim 
to absorb shocks due to sudden fluctuations in torque. (Fig. 307a.) 



Fio. 307a. — Flexible Gear-whool. (General Electric Co.) 


The twin-motor drive, on account of the frame-mounting of the 
motors, possesses running qualities equal to those of the indivitlual axle 
drive with single, frame-mounted motors. It also possesses the advan- 
tages that the gear-wheel may occupy cither “ inside ” or “ outside ’* 
positions ; that the width of gear face is only one-half of that required 
for a single motor of the same aggregate output (other conditions being 
(Hlual) ; and that the elements of the twin motor may be permanently 
connected in series, if necessary, thereby giving, in certain eases, a more 
favourable electrical design. 

With the “ outside ” position of the gear-wheel the whole width 
between the wheel hubs can be utilized for the motor, and therefore 
motors of large outputs are possible. On the other hand, the “ inside 
position gives a greater choice of gear ratio and armature speed for a 
given wheel diameter, and usually involves lower gear velocities. 

Locomotives with the twin-motor, individual axle drive have been 
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ljuilt by British, Continental, and American manufacturers for large 
outputs and high speeds. Examples arc given later. 

The individual-axle drive with tandem motors is due to the Swiss 
Locomotive and Machine Works. The general arrangement is shown in 
Fig. 308, in which several unique features will be observed. Thus the 
motors are mounted above the driving wheels ; the gear-wheel is mounted 
upon a short quill and is arranged centrally between the driving wheels, 
a universal coupling being employed between the gear-wheel and the axle ; 
an intermediate or idle gear (which, if necessary, may form a second 



FiCJ. UOS.— Swi^s Locomotive Works’ Imlividiial-axlc J)nvc willi 'raiidcMn 

Motons. 


reduction gear) is necessary in the powvr transmission on account of the 
relatively large distance between the centres of the armatures and axle. 

This drive, while possessing the advantages, enumerated above, of 
the twin-motor quill drive, possesses a number of advantages over the 
usual forms of tw'in-rnotor quill drives. Thus it can be employed with 
eithei “ inside ’’ or “ outside locomotive frames ; the power is applied 
to the centre of each driving axle ; the whole width of the locomotive 
framing to the limits of the loading gauge is available for the motors ; 
the size of the driving wheel has no restrictive' influenccj on the design 
of the motors ; there is a large choice of wdieel diameter, gear ratio, and 
armature speed ; the motors are located in a convenient position for 
inspection, and their removal for overhauling or repair is a very simple 
operation. • 

(4) Individual-axle drive with gearless bipolar motors. This drive was 
developed by the General Electric Co. (Schenectady) for high-speed 
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locomotives, of which a number are in service in America. The bipolar 
design of motor enables the armature to be mounted directly upon the 
axle, and the full width botwe^en the wheel hubs to be utilized for electrical 
and magnetic purposes. In this manner the armature diani(;ter, for a 
given output and spe(jd, can be kcjpt relatively small, so that the ill-effects 
of the unsprung weight are minimized. The field magnets arc built into 
the locomotive frame and the pole faces are almost flat, so that the 
armature may have vertical play without striking the pole faces. The 
general arrangement of th(i motor is shown in Fig. 36 (p. 78), and 
(*xampl(‘s of its apjfiication to locomotives are given later. 

(5) Individual-axle quill drive with gearless frame-mounted multipolar 
motors. This drive involves the use of a split-frame motor, and is suitable 
only for moderate and high speeds. It suffers from serious limitations, 
due to the low armature speed and the rcstrictc^d space available for the 
motor. Thes(‘ limitations are of such magnitude as to prohibit the 
application of the driv^t* to modc^rn locomotives. It is of historical interest 
to observe that this clrive was emj)loyed in the original single-phase 
locomotives of the Nvw York, New Haven and Hartford Railroad, the 
motors liaving a ]-hour rating of 240 h.p. Jjat(‘T locomotives wtu’e 
provided with inrlividual-axh^ drives from geared, franu‘-mount('d motors, 
both single and twin motors being employed. 

(6) Gearless collective drives. Jn tlu'sc^ cases the armature shaft of 
(*aeh motor is extc'iided at botii ends, and “ quartcTcd ” cranks (i.e. cranks 
set at right angles to each other) are fitted to the shaft extensions. The 
cranks ilrive coupled wheels on each sitle of the locomotive* by means of 
eonii(‘cting rods. In the application of tlic connecting-rod drive, however, 
due consideration must b(5 given to the fact that the driving axles have 
vertical play rc'latively to the armature shafts. Hence the crank 2)ins of 
tlic armatures and driving wheels may only Ik? rigidly cou])l(‘d if the 
armature shafts are i)ractically on a level with tin*, driving axlcjs and 
long connecting rods arc employed. In this case the variation in the 
obliquity of the connecting rods, due to the vertical motion of the driving 
axle, is small enough to h^^ provid(*d for by the clearances between the 
axle boxes and guides, so that no additimial stresses are ])roducc‘d in th(5 
connecting rods. In other cases, c‘ither slotted crank-j)in beai’ings must 
be provided at the driving axk*, or an intermediate crank-shaft (calk'd a 
“ jack-shaft ”) must be (‘inployed, from which a liorizontal drive can Ik* 
obtained for the driving wh(*els. 

Th(* drive with slotted crank- pin bearings at the driving axle usually 
takes the form shown in Fig. 301), and is called the “ scotch-yoke,"’ or 
de KandOy drive. 'J'wo motors are lU'cessary, which must be arranged on 
eitluT sidc^ of an axle carrying driving wheels with crank pins. TJie crank 
pins on the arniatuix^ shafts are coupled rigidly togeth(‘r by a triangular 
framework (called a “ scotch yoke ”), and the crank pin of the driving 
who«l is driven from the apex of the framework, a slotted bearing being 
necessary to provide for the relative vertical movements of driving axle 
and locomotive frann*!. The other driving wheels arc driven from the 
centre of the scotch yoke by coupling rods, as shown in Fig. 309. 

This drive possesses the advantages of few'er parts and a lighter 
mechanical construction than the connecting-rod drive in which a 
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jcick-sli£tft is used, but it necessitates the motors beiii^ carried lower on 
the locomotive framing than in the latter case. This restriction, however, 
docs not present any serious drawback with three-phase, low-frequency 
motors, and the drive is employed on a large number of three-phase 
locomotives in which low-frequency motors rated at 1000 h.p. are used 
with 42-in. driving wheels. But single-phase motors, owing to their 
larger armature diameters, cannot be mounted in this manner, and in 
this case gearing must be introduced, the scotch yoke being driven from 
jack-shafts geared to the armatures. 

The scoteli-yoke drive has, in practice, been found to require rather 
a lot of lubrication, and a modified arrangement with jointed links 



(shown in Fig. 310) has recently been devclopt‘d by the engineers of tlu^ 
Italian State Railways (on which railways the scotch-yoke drive, in the 
form shown in Fig. 309, has an extensive application). The incliiK'd 
rods >^ 2 ^ ^*^^'’** connected to a hori- 

zontal coupling rod (which couples together the crank-pins of the 
motors), and their lower ends connected tokivers Z and W. 'I hose u^vers 
arc fulcrunicd on the coupling tocIh and are connected by a link L , 
so a*-; to form a closed linkwork. The complete mechanism is so dimen- 
sioned that (1) the principal members S^, S 3 form the sides of an 
isosceles triangle (of which is the base), the apex of which is, normally , 
at the centre of the crank pin of the driving wheel ; (2) the axis of the 
link L passes through this point ; (3) the arms ec, eg, of lever Z are equal 
to the arms fd, fh, respectively, of lever W. • 

In consequence, only the horizontal component of the torque of the 
motors is transmitted to the driving wheels. Moreover, vcrtic^ displace- 
ments of the driving axle relatively to the motors cause the inclmed rods 
83 , S 3 to make equal small angular movements in opposite directions, 
and to maintain their isosceles arrangement. 
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It should be obscrv^ed that with collective drives in wliicli a iLumber 
of axles are driven through side coupling rods, as in Fig. 309, all the 
axles must remain substantially parallel under all conditions. Hence, in 
order that locomotives having five coupled axles may negotiate curve's 
satisfactorily, the outer driving axles must be allowed considerable end- 
play — from 1 in. to in., depending on the wheel base and curvature of 
track — the central axle must either be allowed end-play or be provided 
with wheels without flanges, and the inner pair of driving axles must 
have no end-play. 

An example of a connecting-rod drive in which jack-shafts are 
employed is shown in Fig. 311, which refers to one of the 4000-h.p., 
direct -current, 600- volt locomotives in services on the Now York terminal 
lines of the Pennsylvania Railroad. The view shows only the trucks 
and running gear. The two driving trucks arc connected together by a 
central hinge joint, and the wheel arrangement is similar t(j that of a 
steam locomotive, but notwithstanding this feature the running qualities 
of the electric locomotive proved to be inferior to those of a steam 
locomotive having the same wheel arrangement. Moreover, the running 
gear of the electric locomotive required, under service conditions, mon^ 
frequent attention (e.g. adjustments of the bearing clearances) than that 
of the corresponding steam locomotives. 

This feature, which is common to all side-rod drives with rigid trans- 
mission rods, is due to several fundamental diff('rences Ixdwt'cn the 
electric locomotive side-rod drive and the steam locomotive side-rod 
drive. Thus there is no “ free t'nd corresponding to the pistem, and 
consequently the centres between all crank pins must b(^ rigidly main- 
tained. Any wear in the crank-pin bearings or the bearings of the jack- 
shaft will, therefore, result in excessive stresses and bearing pressures.* 
In order to avoid excessive vibrations from these causes means must be 
provided for the accurate adjustment of the bearings. The ])arts will 
also have to be designed to withstand the additional stresses due to any 
incorrect adjustment of the bearings. 

Again, tlic conversion of the uniform torque of the motors into a 
reciprocating motion produces severe stresses in the motor shaft, jack- 
shaft, and locomotive framing. For example, sincti the cranks on tliii 
armature shaft arc set at right angles to each other, there will bo four 
positions in each revolution where the full torque of th(‘ motor is trans- 
mitted through oiKi crank. Tht^refore each connecting rod is subjected 
to an alternating force having a maximum value represented by maximum 
value of torque/radius of crank. •(* Now if thi^ forces acting on i*aeh crank 
pin are resolved in two diret^tions at right angles — oni^ din'ction being 
along the line of centres — it v ill be found that Die motor shaft is subjectecl 
to reciprocating forces and alternating couples in these directions ; the 
reciprocating forces and couples changing their direction four tinu^s in 
each revolution. J Thcjse forces act on the motor bearings and franu*, 

9 

* See an article on “ The Crank Drive in Electric Locomotives/’ by J. Diiclili. 
(The Electrician, vol. 73, p. 992 ; The Engineer, vol. 120, p. 287.) 

t Witli single-phase motors the torque is pulsating, and consc^quently tlie 
maximum or crest value must be used in the above expression. 

X An analytical treatment is given in a paper on The Electric Locomotive/' 
by Dr. F. W. Carter. Proc, Inat. 0,E,, vol. cci, p. 231. 




FiCr 311.— Trucks and Running -gear of Penn•^^lvanla 4000-h.p., Direct-current, Side-rod Locomotive. 

(WVstmghou&e Co.) 
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. and must be taken into account in the design of the machine and the loco- 
motive framing. (Note the rigid frame of the motor illustrated in Fig. 311.) 

The jack-shaft will bo subjected to greater stresses than the motor 
shaft, for, in addition to the alternating forces and couples, there is the 
large twisting moment, due to the transmission of the full power through 
alternate cranks four times in each revolution. The forces and couples 
resulting from the connecting rods and coupling rods will depend on the 
angle between the former and the latter, the maximum values ocourring 
when this angle is 90 degrees, i.e. when the connecting rods are at right 
angles to the coupling rods. Moreover, the forces at each crank pin can 
bo resolved into a couple and a force, the axis of the couple and the 
direction of the force both rotating with the jack-shaft. 

It is apparent, therefore, that the jaek-shaft, the cranks, and the 
connecting rods will have to bo exceptionally strong, while the bearings 
for the jack-shaft must be liberally designed. In many cases the jack- 
shaft has a diameter of about 10 in., and special steels are used for the 
above parts. The mechanical construction of this type of locomotive 
will, therefore, be more expensive than that of locomotives in whicli 
jack-shafts and connecting rods are* not used.* 

Another feature which is of special importance with side-rod locomo- 
tives, is the largo forces to which the transmission gear may be subjected 
when the armature is stopped suddenly, as for instance when the driving 
wheels are skidded by cxc('ssive pressure of the braktJ shoes, or when a 
hash-over occurs at the brushes. There are two methods of preventing 
damage to the transmission gear under these abnormal conditions, 
viz. (1) to arrange that the armatures shall slip round on their shafts 
whenever the torque exceeds a predetermined value ; (2) to design all 
the running parts to withstand the stresses under these abnormal con- 
ditions. The first method is adopted in the Pennsylvania locomotives 
(Fig. 311), and has given satisfactory results in practice, except that 
the mechanical balance has to be readjusted after a slip occurs. The 
second method, however, is usually preferred in practice, and the 
mechanical parts arc designed with sufficient strength to enable the 
motors to slip the driving wheels when the coefficient of adhesion is 0-33. 

(7) Geared collective drives. With all geared collective drives the 
motors arc geared to jack-shafts, from which the wheels are driven by 
connecting rods. The drive from jack-shaft to wheels is governed by 
similar conditions to those for the gcarlcss drive. 

The gearing enables more favourable armature speeds to be chosen, 
together with large driving wheels, and its use is particularly desirable 
with single-phase motors in order to obtain an economical design of 
motor together with high efficiency and power factor. Moreover, springs 
can bo fitted to the gears for the purpose of damping pulsations and 

* In a pajjor on “ Electric Locomotives,” Mr. F. Lj'dall, after discussing Uic 
breakages f)f the connecting rods on somo Ckintinontal side-rod locomotives, concludes 
with : ” Partly for this reason and also on other grounds connected witli the first 
cost, th€»re is a tendency at present on ♦ho Continent towards the use of gearing 
rather than connecting roiis for transinitting the torque to the jack-nhaft or direct 
to the axles. If tlu* author (of the ]>aj)er) is not mistaken, this is also t,ho general 
conclusion in the United States, where the connecting-rod drive does not find much 
favour.” (Journal of the Institution of Electrical Etigincers, vol. 5i2, p. 384.) 
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sudden fluctuations in the torque at the motor shaft, and thereby 
improving the conditions at the jack-shaft. 

The geared collective drive is usually employed for single-phase 
locomotives when slow and moderate speeds are required, and a large 
number of such locomotives arc in service on Continental railways. 
In some cases geared scotch yokes are used, but more generally some 
form of connecting-rod drive is employed, typical examples being shown 
in Kgs. 340-345. 

Discussion on the limitations of geared and gearless methods of power 
transmission. With individual-axle drives from geared motors the size 
of motor which can be accommodated is limited by both the diameter 
of the wheels and the track gauge, as explained in Chapter IV. Except 
in the case of narrow track gauges, however, the limitation imposed by 
the wheel diameter is not serious, provided that unduly small wheels 
are not required, as direct-current axle-mounted motors of 450 h.p. 
can bo accommodated with 52 in. wheels. A motor of this rating is the 
largest size of axle-mounted motor that is desirable in practice on account 
of the large dead weight on the axle. 

When the size of driving wheel and the maximum speed of the 
locomotive are fixed, the maximum diameter of the pitch circle of the 
gear-wheel can be obtained by assuming an appropriate value for the 
limiting gear velocity. This diameter, however, must provide sufficient 
(jlearance between the bottom of the gear-case and the track,* which is 
generally the limiting feature in slow and moderate speed locomotives. 
The maximum gear ratio and the peripheral speed of the armature can 
then be obtained when the distance between the centres of axle and 
armature shaft is knowm. 

For an economical design of motor the peripheral velocity of the 
armature at the maximum speed of the locomotive should approach the 
limiting value, viz. 8000 to 10,000 ft. per minute. But the gear velocity 
must also be w-illiin the prescribed limits, which are about 4000 ft. per 
minute for ordinary lubrication and about 6000 ft. per minute for forced 
lubrication. The relationship between the peripheral velocities of arma- 
ture and gearing depends upon the gear ratio, and can be expressed 
in general terms. 

Thus if denote the diameters of armature and driving wheel 

respectively, C7the distance betw^cen centres of armature and axle, the 
maximum speed of the locomotive in inl.p.h., Vg the corresponding 
peripheral speeds, in feet per minute, of armature and gearing for the 
gear ratio omploytHi, we have 

Vg = 2CVJXD, + 

* For Rpproximafo purposes tlio iTiaxiniiiin diameter of the gear wlioel may be 
assiuiied at about 80 ])or cent of tlio diameter of tlio driving wheel. This value, 
however, must bo eoiisiderrd with reference to the corresponding diameter of the 
pinion, which may bo the limiting feature in some cases. 

t 'yiiis expression is obtained as follows- - 
Peripheral speed of armature (ft. per min.) at locomotive speed (ml.p.h.) and 

gear ratio ( 5 O -- \\ -- X y X 

y “ diamotof of pitch circle of gear wheel /diameter of pitch circle of pinion. 
Diameter of pitch circle of gear wheel — D„,Vg|SSV^J^, 

Diameter of pitch circle of pinion = 2C - diameter of pitch circle of gear wheel 

= 2a - D^F^/ 88 [Continued] 
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Heiico th(i g(*ar velocity corresj)onding to the maximum speed of the 
locomotive depends upon: maximum peripheral speed of the armature, 
diamct(T of armature, size of driving wheel, and distance between centres 
of armature and axle. J^y proper choice of the size of driving wheel the 
ptTipheral spcied of the armature can reach the limitirjg value at the 
maximum speed of the locomotive, and the gear velocity under these 
conditions can be kept within the prescribed limits. The geared drive, 
th(irefore, cjnables an economical design of motor to be obtained under all 
operating conditions. 


Examples. (1) Consider an curie -mounled mofor, for wliLch = 29-5 in., 

C - 25 in., to bo used with 52 in. wheels for frcdglit st'rvice, the maximum 
locomotive specul beinj? *‘^5 ml.p.h. If the armature is to run at its limiting 
peripheral speed of 8000 ft. per minute at the maximum locomotive speed, 
tlie corresponding gear velocitv is 

Vg -- 2 X 25 X 8000/(29-5 -} 52 X 8000/88 X 25) 

= 2‘120 ft. per minute. 

The ratio — 2^1 20/3080 = 0-79, which is just witliin (he limiting 

value, vi/. 0 8. Tlie gear ratio = V ^ ~ t and (lie diameter 
of pinion at pitch circle ~ 0-79/1,,,/y = 0*79 X 52/1-58 - 8-97 in.f 

But if the maximum siieed of the locomotive w’ere reduced a corresponding 
reduction would have to be made in the maximum iieripheral sjieed of the 
armaiim*. in order to ke(»p the diameter of gear wheel wi(hin the limiting 
value (viz. 0*8 X diameter of driving wheel), as tlu; given diameter of driving 
wheel is the minimum for this motor. 

If the gear ratio is changed to give a maximum locomotive si^eed of 
55 ml.p.li., and the Limiting peripheral spe(»d of the armature is to occur at 
this sp(*ed, then 

' 25 X 8000/(29-5 -f 52 X 8()00/HS '< 55) 

= 2180 ft. per minute, 

which is well within the prc'scribed limit for ordinary lubrication. In (his 
case the ratio Vy/88r„^ - 2180/4800 0-710. 2^10 gear ratio 

- 2-9. 

Alternatively, if a lower gear velocity were desired, the size of diiving wheel 
could be increas(»d. Thus, w'ith OO-in, wheels, a locomotive speed of 55 ml.p.h., 
and an armature speed of 8000 ft. per minute, 

Vg 2 X 25 X 8000/(29-5 00 x 8000/88 X 55) 

— 2120 ft. per minute. 

T'j,/88F,„ = 3120/4800 = 0-642. dear ratio -- 3-35. 

(2) In the case of a frame-mounted motor, for wdiicli 1)^ - 24-5 in., 
C 25-7 in., used with 03-in. wdieels for a passenger locomotive, for which 
(he maximum speed is 70 ml.p.h.; if the limiting armature speiMl is 9500 ft. 
per minute, then 

Vg - 2 X 25-7 X 9500/(24-5 + 63 X 9500/88 X 70) 

^ 4000 ft. per minute. 

T'.,/88|/^ - 1000/0100 = 0-05. dear ratif) - 3-97. 


Whence 


or 


Va 


wui/ y ^ a 


t I'lie values obtained for the diameter of pinion, giuir ratio, and gear velocity 
may mquiro .sligiit modification in practice when the number of teeth in tlio gearing 
and ilio pitch of the tooth are considered. 
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If tills motor were used, with smaller wheels, on a freight locomotive for 
which the maximum speed was 40 ml.p.h., the minimum diameter of driving 
wheel is determined by the condition that the maximum permissible diameter 
of the gear wheel = 0*8 X diameter of driving wheel. The corresponding 
value of the gear velocity is, therefore, 0-8 X and if this value is 

substituted in the above equation, wo obtain 

Hence, in the present case, 

- 2-5 X 25*7 -88 X 40 X 21*5/9500 
=- 55*2 in. 

Vg = 0*8 X 88F^j “ 2820 ft. per min. dear ratio — “ 0*08. 

Diameter of pinion at pitch (ircle - 0*8 x 55*2/0*08 - 7*20 in. Tf this 
diameter of pinion is too small, a lower limiting armature peripheral speed 
must be adopted. 

With individual-axle drives from gearless motors in which the armature 
is mounted directly upon the axle, the full distance between the wheel 
flanges can be utilizcid for electrieal purposes by adopting a bipolar 
design, but with a multipolar design or a flexible drive the bearings for 
the frame will require about 25 per cent of this distance. Hence the 
bipolar motor will allow of the use of smaller driving wheels than a 
multipolar machine, ther(d)y leading to a more ceonomieal design on 
account of the higher armature speed. 

For example, the bipolar jnotors of the Chicago, Milwaukee, and St. 
Paul locomotives (which have a maximum operating speed of 05 ml.p.h.) 
are rated at 335 1 i. 2J., and the res])cctivo diameters of the wheels and 
armatures are 44 in. and 29 in. Hence the peripheral speed of the 
armature at the maximum speed of the locomotive is 3770 ft. per minute. 

With gearless collective drives the maximum permissible angular 
velocity of the crank shafts is about 500 r.p.m. This value may be 
considered as the limiting value of the angular velocity of the armature, 
and since tlie dianujtcr of the armature is not restricted by that of the 
driving wheels, the limiting jicripheral velocity may be made to coincide 
with the limiting angular velocity. Thus, if the limiting angular and 
perii^heral velocities be assumed as 475 r.j).m. and 7500 ft. per minute 
respectively, then, for a maximum locomotive speed of 80 ml.p.h., the 
diameter of the driving wheels will be 50-5 in., and the maximum diameter 
of the armature will be 60 in. If the maximum locomotive sjiccd is of 
the order of 50 ml.^).!!., a lower value for the limiting angular velocity 
must be adopted, as the above value will lead to small driving wheels. 
Assuming the minimum diameter of the driving wheels to be 42 in., then 
for a speed of 50 ml.p.h. the angular velocity will be 400 r.p.m., and the 
diameter of the armature, corresponding to a limiting peripheral speed of 
7500 ft. per minute, will be 71-5 in. 

These considerations show that the sjAere of usefulness of the direct 
drive is limited, and for an economical design of the motor it will be 
necessary, to adopt gearing between the armature and the jack-shaft 
when the operating speeds are of the order of 50 ml.p.h. and below. 

Control and auxiliary equipment— Location and general arrangement. 

In the general layout of this apparatus on a locomotive it is necessary 
to arrange that (1) the master controller, auxiliary control switches, 




Fig. 312.— Views of Control Apparatus m;.Cab of Westinghouse eO-tonDirect-current Locomotive. 




Fig. 313. — Control Apparatus Compartment of 1500- volt, 1730 h.p. Locomotivo. (Oerlikon Electro -pneumatic Control 

Equipment arranged on each side of a Central Corridor. ) 
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brake valves, and instruments are arranged in convenient positions and 
do not interfere with the driver’s look-out ; (2) the contactors and 
auxiliary machines which require attention are placed in accessible 
positions ; (3) all high-tension apparatus is located in locked compart- 
ments which cannot be opened until the circuits are “ dead.” 

With many low-voltage» direct-current locomotives the body is con- 
structed with a central cab (which forms the driver’s cabin) and two 
sloping ends. The compressor, blower, master controllers, brake valves, 
circuit- breakers and switches are located in the central cab ; the con- 
tactors, rt‘versers, rheostats, and brake reservoirs are located in the 
sloping ends, the sides of which are removable for the inspection of this 
apparatus. 

In some cases, however, the compressor and blower are located in 
the slo2)ing ends, and the contactors, rheostats, and other control 
apparatus are located in the cab. This apparatus is then arranged on 
a steel structure with expanded-metal screens, and is located in the 
centre of the cab, so that each part is readily accessible for inspection. 
The illustrations in Fig. 312 refer to standard 60-ton locomotives of the 
Wcstinghousc and provide an excellent example of compactness and 
accessibility. ’The control apparatus is of the eleciro-pru‘umatic type: 
the revtjrser, control -circuit rheostat, and the distributing valve for the 
air brake are at floor level ; the “ switch group ” and circuit breaker (or 
“ lino switch ”) occupy a central position with the rheostats above. The 
rheostat (jornpartnumt is enclosed with sheet steel doors which extend 
to the roof, and the latter is provided with ventilators, so that an effective 
circulation of air through the rheostats is obtained. The master controller 
and the driving position are also shown in the illustrations. 

With high-voltage, direct-current locomotives the box, or coach, type 
body is usually employed, and the high-voltage control cejuipment (con- 
tactors, reversers, etc.) is located in compartments along each side of 
the body. In some cases a central gangway is provided, and in other 
cases either one or two side? -gangways. 1’wo examples are shown in 
Figs. 313, 314, and further examples are given later in connection with 
l)articular locomotives. The rheostats are, in some cases, located above 
the contactor compartments, but it is generally preferable to locate them 
in separate, specially vcmtilated compartments, in order to avoid tlu^ 
heat being communicated to the contactor compartments. 

The roof is removable in two or more s(*ctions, those portions carrying 
pantagraph collectors being removable with the collectors as separate 
units. 

Single-phase locomotives, in many cases, have also box-type bodies. 
The tap-changer (contactors or tapping switch) is usually mounted on, 
or adjacent to, th(^ mai?i transformer, and th(^ rev(Tsers are mounted on 
the motor frames in order to reduce the length of the heavy-current 
connections. Moreover, with large frame-mounted motors the blowers 
are usually mounted on the motor frames, so that no air trunks are 
necessary. * 

Practically th(i whole of the roof is r(*movable in order that the 
frame-mount('d motors, transformer, and other heavy items may be 
lifted out through the roof. In some cases portions of the sides are also 
removable, as shown in Fig. 315. 




Fia. 314. — Control Apparatus Compartmont of 3000-volt, 2340 h.p. Locomotive. 
(Metropolitan-VickorsElectro-piieiunatic Contactors, Cam-oporated Croup 
Switches and Rcvcrsers.) Notk. — T he Compartmont is about 26 ft. long. 
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EXAMPLES OF ELECTRIC LOCOMOTIVES 

The examples which follow have been selected to be representative 
of modern locomotives. Detailed descriptions of the motors, control 
and auxiliary apparatus are not included, as examples of this equipment 
have already been given. 

I. Direct-Current Locomotives 

Bogie locomotive with geared, axle-mounted motors. Table XII, Refer- 
ence* No. 1 ,* gives data of a typical locomotive which is in service on the 



t'lcj. 315. -Single -phase Passenger Locomotives under construction in 
Siemens -Schuckert Works. 


Metropolitan Railway, London. The body is mounted upon two bogie 
trucks in the same manner as that of a motor-coach, and the draw- and 
buffing-gear is built into the underframe. Each truck is equipped with 
two 300 h-x). self- ventilated motors (with single gearing) and duplicate 
collector shoes. 

The control apparatus, rheostats, and auxiliary apparatus is located 
in the locomotive body, and is arranged centrally with gangways on 
each side. , 

Articulated bogie locomotives with geared, axle-mounted motdrs. Bo^e 

locomotives of the above ty^je fulfil the requirements for goods traffic in 

* The principal dimensions, weights, and otlier data of the locomotives discussed 
here nre given in Table XII (facing). 
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this country, since the draw-bar pull must be limited to about 14 tons’ 
on account of the draw-gear on the wagons. Abroad, however, stronger, 
and in some cases automatic, couplings (wherein the buffing- and draw- 
gear are combined) are employed in combination, in many cases, with 
continuous air-brakes. These couplings will withstand safely a draw-bar 
pull of between 30 to 40 tons, and they, therefore, permit the running 
of ve:^ heavy freight trains, the weight of the train, in some cases, in 
America, reaching 4000 tons. Under these conditions a very powerful 
locomotive is required, and, to relieve the underframe and bogie centres 
from excessive stresses, the buffing and draw-gear nmst be incorporated 
with the trucks or locomotive framing, according to the manner in whicli 
the motors are mounted. When bogie trucks equipped with motors are 
adopfed, tlu'y must be articulated or hinged together in order that the 



Fics. 316. -Heavy Passenger Locomotive (I’aulista Railway) wi h Gcait'd 
Axle -mounted Motors. 

((.Jcncral Electric Co., Sclieiiectady.) 


tractive effort of the leading truck may be transmitted to the draw-gear. 
It is apparent, therefore, that the body of the locomotive cannot be con- 
nected to both trucks by centre-pins (as in the above locomotive), since 
the distance between the truck centres will vary with the radiation of 
the trucks. This difficulty is overcome by the use of a standard centre-pin 
on one truck and a special centre- bearing on the other truck, this bearing 
allowing swivelling and longitudinal sliding motions to take place. 

Locomotives with these features are shown in Figs. 316, 317, 320, and 
323. The locomotive shown in Fig. 316 (Reference No. 2, Tabic Xll) is 
typical of American practice. The trucks have cast-steel ‘‘ bar ’’ frames, 
and the axle-box springs of each side-frame are connected together by an 
equalizing bar in order to equalize the loads on the driving axles. 

Th^ locomotives shown in Figs. 317 and 320 are representative of 
British practice and are designed for freight traffic. The trucks are of the 
“ plate ’’ type (being built up from steel plates, steel structural sections 
and castings) and the axle-box springs of each side-frame are connected 
together by an equalizing bar. 
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A number of locomotives of the typo illustrated in Fig. 317 (Reference 
No. 3) are in service on the South African Railways (3 ft. 6 in. gauge, 
3000 volts). Certain sections of the line have steep gradients, and freight 
trains have to be hauled over the entire route.* Traffic arrangements are 
facilitated by making up the trains to definite maximum loads and employ- 
ing one, two, or three locomotives per train according to the gradient. 

Each locomotive has a weight of 66 tons, and is equipped with four 
motors, each rated at 300 h.p. (continuous) 1500 volts. The olrclrical 



Fig. 319. — Driving Cab, Auxiliary Mactiiiio Room, and Side Corridor of 
Locomotive illustrated in Fig. 317. 


equipment is of the Metropolitan-Vickers electro-pneumatic type, and 
is arranged for multiple-unit control and regenerative braking. The con- 
tactors, reversers, change-over, and group switches are contained in a 
high-tension compartment, and the auxiliary plant is located at each 
end of this compartment, as shown in Fig. 318 ; the arrangement being 
such as to provide a side corridor giving access to the apparatus from 
the driving compartments. The door of the high-tension compartment is 
interlocked with an air valve in the air supply to the two pantagraph 
collecti^rs, so that this compartment cannot be entered unless the panta- 
graphs arc lowered. 

Interior views of the locomotive arc shown in Fig. 319. 

* A description of the electrification and oi3erating conditions is given by Mr. F. 
Lydall in a ])aper on “ The electrification of the Pietermaritzburg-Glencoe section 
of the South African Railways.” (Jouni. I.K.liJ., vol. 06, p. 1021.) 
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auxiliary jDowcr 2)laiit comprises two motor-generator blower 
sets (one rated at 16 kW. and the other 28 kW.), an air compressor, and 
a rotary exhauster. Both motor-generator sets are driven by 3000 volt, 
double-commutator motors. The generator of one set operates in parallel 
with a battery and supplies power, at 100 volts, for control, lighting, 
and the motors driving the air compressor and exhauster. The generator 
of the other set provides the excitation of the traction motors during 
regenerative braking, according to the scheme described on p. 320. 

The locomotive illustrated in Fig. 320 is in service in Montreal. It 



Fig. 320. — ^Hoavy Freight Locomotive. 
(Knglish Electric Co.) 


w(*ighs 100 tons and is equipped with four 430 h.p. 1200-volt motors with 
twin gearing, the operating pressure being 2400 volts. Central automatic 
couplings enable pulls of 30 tons to be exerted at the tlraw-bar. 

The electrical equipment is by the English Electric Co. and, as the 
locomotive operates over level routes, no provision is made for regenera- 
tive braking. The auxiliary power plant is, therefore, simpler than that 
of the locomotive illustrated in Fig. 317, and comprises a single motor- 
generator-blower set (viz. a 50 h.p., 2400-volt motor, a 16 kW., 120-volt 
generator, and two blowers), the generator of which supplies power to 
two air-compressor motors in addition to the control and lighting circuits 
of the locomotive. 

The control equipment is of the all-electric, i^am-shaft, multiple-unit 
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type, and is located in a compartment along one side of the locomotive, 
together with chambers containing the isolating switches and circuit 
breakers. The motor-generator blower set is located along the opposite 
side, and a central gangway is provided, as shown in Fig. 321 . The general 
arrangement is shown in Fig. 322. The rheostats are contained in com- 
partments on each side of the control compartment, and the normal 



Fig. 321. — Control Apparatus and Auxiliary Machinery Compartment 
of Locomotive illustrated in Fig. 320. 

ventilation is by holes in the floor of the compartments, cowled openings 
in the roof, and hooded louvres in the outside wall. 

On account of the extreme conditions of cold under which the locomo- 
tive has to operate, each of the driving cabs is heavily lagged, fitted with 
double ^windows, and provided with a 6 kW., 2400- volt heater. Special 
provision is also made for pre-heating during winter the air supply to the 
blowers, this air being drawn through the compartments in which the 
starting rheostats are located. During summer, however, the air is drawn 
directly through two large openings in the side wall adjacent to the 
blowers, these openings being closed during winter. Moreover, to avoid 
15— ( 5043 ) 
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condensation taking place in the motors during cold weather after the 
locomotive has finished its day’s service, means are provided for connecting 
all the field coils in series and plugging them to a 220- volt supply which 
is available in the locomotive depot. 

To facilitate shunting operations with this locomotive, the driving 
cab at one end is extond(*d laterally on each side of the body and is fitted 
with windows fore and aft, as shown in Fig. 320. Master controllers are 
provided in each of these extensions, so that, altogether, the locomotive 
has three master controllers. 

A further example (Refenmeo No. 4) of the; class of locomotive under 
consideration is shown in Fig. 323. In this case six driving axles are 



Fig. 323. — Froi^lit and Fassonner Locomolivo (Spanish Northern 
Kailway) witli tioarod Axle-inoiinted Motors (Oorlikon). 


employed in order to limit the load per axle to 15 tons. A number of 
these locomotivt^s are in service on the J 500- volt, broad (5ft. Gin.) 
gauge lines of the Spanish Northern Railway for ])assenger and freight 
traffic. The on(;-hour rating (at 1350 volts) is 2040 h.p., the corre- 
sponding speed being 20-8 nil.p.h. 

The electrical equipmc'tit is of Otrlikon manufacture, and the general 
arrangement is shown in Fig. 324. The motors are axk; mounted, forced 
ventilated, and have sijigle g(*aring. Undt^r present operating conditions 
the three motors on each 1 ruck are permanently connected in series, and 
the two groups are controlled on the series- parallel system, provision 
being made for rr'g(‘n(^rativc braking. 

As vacuum brakes are employed on the trains, the auxiliary equip- 
ment of the locomotive includes both compressor and exhauster sets ; 
there being one air compressor and three vertical vacuum pumps. Two 
of the vacuum pumps are coupled to one motor, and this set is employed 
to exhaust rapidly the air from tin? brake cylindiirs, etc., after an applica- 
tion of the brakes, the sfd being started and stopped by a controller 
coipbined with the driver’s brake valve. The other vacuum pump is 






Fig. 324.— General Arrangement of Electrical Equipment on Locomotive illustrated in Fig. 323 (Oerlikon). 
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coupled to the air comi^ressor, and this set runs continuously. The air 
compressor, however, is provided with an unloading valve, which comes 
into operation when the air pressure reaches 1001b. per square inch. 
A vacuum regulating valve is also provided for the vacuum pump, and 
prevents the vacuum exceeding a predetermined value. 

The various pipes, valves, etc., necessary in connection with these 
sets are shown diagrammatically in Fig. 325. 

High-speed locomotive with geared» frame-mounted motors. The 

general aiTangement of a locomotive with the Brown-Boveri linkwork 
drive is shown in Plate 11. This locomotive (Reference No. 5) is in 
service on the Paris-Orleans Railway, and is noteworthy on account of 
the large size of its geared motors. It is capable of hauling heavy trhins 
(500 to 600 tons) at a sj)ecd of 80 ml.p.h., and has to traverse curves of 
1500 ft. and 500 ft. radius at speeds of 62 and 25 ml.p.h. respectively. 

The locomotive differs in several features — other than the arrange- 
ment of the motors and the system of power transmission — from those 
considered previously. Thus (1) the driving axles are fitted to a rigid 
“ plate ” frame which is hiside the driving wheels ; (2) leading and 
trailing bogies, or guiding trucks, are i)rovided, each of which is fitted 
w'ith a spring centring device to ensure good running qualities at high 
speeds. 

The main framing, which supports the body and the motors, consists 
f>f a central portion, constructed of 25 mm. plate, and end portions 
constructed of 20 mm. plat(^ ; the longitudinal plates being connected 
by cross members which giv(^ the requisite stiffness. Ilie end cross 
mcmb(Ts (;arry the buffers and draw-gear. The central portion of the 
framing is further stnuigthcned bj^^ an auxiliary framing, constructed of 
18 mm. plate, which is arrangi^d outside the driving whei^ls, and is con- 
nected to the main framing by steel (;astings. This (auxiliary) frame 
carries tlie stab shafts for the gear wheels (which an^ outside the driving 
wheels). 

The axle-box springs of the driving axles are of the semi-elliptic type ; 
they are arrangeul under the axle boxes (as on a steam locomotive), and 
the springs on each side arc coniu‘ctcd by pivoted levers to equalize 
the load between the several driving axles. 

The guiding and trailing bogies have outside ” axle boxes, which 
are fitted with a combination of scrai-olliptic and spiral springs. 

To enable th(j locomotive to traverse sharp curves satisfactorily the 
two inner driving axles each have a total end play of 50 mm., and each 
bogie is fitted with a spring centring device. Moreover, the pivotal axis 
of each bogie is displaced from the vertical centre-line by about 150 mm. 
towards the driving axles. 

Each of the four driving motors is rated at 1000 h.p., 1500 volts, 
and is mounted above the corresponding driving axle, the power being 
transmitted through twin gearing and Brown-Boveri linkwork. , 

The control is on the double series-parallel system. 

The blowers for ventilating the motors are connected directly to the" 
end-shields of the motors and are driven in pairs, this arrangement being 
similar to that adopted in Brown-Boveri single-phase, four-motor loco- 
motives. [Fig. 339 (p. 475).] 




Fig. 325. — La\^out of Compressed-air and Vacuum Piping and Apparatus on Electric Locomotive (OcrJikon) 
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High-speed locomotives with geared, frame-mounted, twin motors. 

Tho type of IcK^omotivti (originated by tlie Weatinghouse Co.) (employing 
frame-mounted twin motors with quill drive is now- in service on several 
railways ((^.g. New York, New Haven and Hartford ; Chicago, Milwaukee, 
and St. Paul ; Paris-Lyons-Mediterraru'an ; threat Indian Peninsula). 

For high-spi‘ed operation th(^ pow(T is transmitted from quill to driving 
axle by a univc^rsal linkwork coupling, two forms of which have been 
describ(‘d on pp. 423,427. The quill drive*, liow ever, is not essential with 
th(^ twin-motor arrangejnent, as the Jhown-Jk)veri linkwork drive (which 
w^as d(5V(;loped originally for frauKi-mounted single motors) (;an be applied. 

An example of a locomotive wdth franie-mount(‘d twin motors and 
the Brown- Hov(*ri linkwork driv(^ is shown in Fig. 326. This locomotive 
(Referenc(^ No. 6) is designed for a maximum s])eed of 85m.p.h. and is 
one of the trial locomotivi‘s built for th(‘ Great Indian Peninsula Railway. 
It has a plate frame* with inside* axle boxes, and bogies similar to that of 
the Paris-Orleans loeomotiv^e*. Kae^h motor forming j)art of a driving 
unit is built with a s(q)arate frame*, aiiel the twe) me)te)i’s of each unit are 
conneict»*el ])erniane*ntly in se*rie*s. The^ vemtilating air is supplied by two 
blowors te) twe) air trunks fre>m which ee)nnectif>ns are maele to the inlets 
in the end shields of the me)tors. 

As examples of twin-motor equipments with quill drives the^ Oerlike)n 
trial locome)tive*s built fea* the Paris-Lyons-Mediterranean and the Gr(‘at 
Indian P(*ninsula Railways may be^ considere‘d. 

Details ejf e ; oust rue tiem e)f the P.-L.-M. le)e;ome)tive; (Reference Ne). 7) 
are shown on Plate 111. This loeomotiv(* is of tin* articulated double- 
truck type with guiding bogi(*s. Each truck has two driving axles, each 
of whi(4i is e(juipp(*d wiili a twin motor (rated at 665 h.])., 1500 volts) 
and a quill drive*, with the O(*rlikon univ(‘rsal coupling. 

The central, box-shap(*d [)ortion of the body is sujqjorted from tho 
main trucks by spherical jiivotal bearings and spring-boriu* side bearings, 
but the sloping (?nds are fixed to th(^ trucks. Tlu* body is constriuded 
with a driving compartm(*nt at each end, two side corridors, and ci*ntral 
compartments containing the control gear and v^entilating j)lant. 

The control gear is of Ihe (*l(*ctro-])neuniatic individual contactor 
type and is arrangt*d for double s(*ri(*s- 2 )arallel coFitrol (with two tapped- 
field st(‘i)s for (*ach combination of tlu^ motors) and r(*g(*n(‘rativc braking. 
It is divid(*d into two grou])s, (*a(;h grou]) (conquising the control equi^)- 
ment for the motors of <)jie truck) being contained in Ji separate com- 
partment. 'Thc*se compartments arranged above the floor level of 
the body so that the aj)i)aratus is conveniently situated for inspection. 
The space b(*ncath forms an air trunk, from which flexible connections 
are made; to the; inlets on the motors. The rheostats are located in 
compartments adjoining tlu; roof. 

The ventilating plant consists of a motor-driven duplex blower with 
vertical shaft, and is located in a small compartment adjoirnng the two 
control compartments. The lower impel l(;r supi^lies the cooling air 
(17,000 cubic feet jjer minute) for the traction motors, and the upjjer 
impeller the cooling iiir (10,(jp() cubic ft. per minute) for tho rheostats. 

The auxiliary jflant, additional to the blower set, comprises two air 
compressors and a motor-generator set, the motors of which operate at 
the line voltage. 




Fig. 326.— Brown-Boveri High-speed Locomotive (G.I.P. Railway) with Twin Motors. (View from Driving Side.) 
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The current-collecting equipment comprises two pantagraphs and 
eight shoes. The pressure between a shoe and the rail is normally 66 lb., 
but it may be increased up to a maximum of 440 lb. when the presence 
of snow and ice on the conductor rail renders such high pressures necessary. 

A noteworthy feature incorporated in the control equipment is the 
interlocking of the air and electric (regenerative) brakes of the locomotive. 
During recuperation the air brake cannot be applied to the driving wheels 
of the locomotive, but its application, if necessary, to the other vehicles 
of the train is unaffected. Moreover, in the event of failure of the electric 
braking torque — due to the opening of protective relays or any other 
cause — a gradual reduction of pressure is made automatically in the 



Fig. 32S. — Arrangement of Twin-motor and Oerl ikon -General Eleetrio 
Coupling Drive. 


train pipe, thereby causing an application of the brake^s throughout the 
train and preventing the possibility of a runaway. 

Larger locomotives are of similar general design, but the main trucks 
have three driving axles, each of which is fitted with a twin-motor rated 
at 900 h.p., 1500 volts. 

The General Electric Oerlikon high-speed locomotive (Reference No. 8) 
built for the Great Indian Peninsula B^way is illustrated in Fig. 327. 
Each axle is driven by a twin motor (rated at 750 h.p., 1400 volts) ; 
the inside form of the Oerlikon coupling drive. Fig. 307, with flexible 
gear wheel being employed. Fig. 328 shows the arrangement. 

The body is of the box tyjK?. The whole of the auxiliary machinery 
and the starting rheostats are located in a central compartment above 
the three driving axles. Adjacent compartments contain the control 
gear, and end compartments form the driving cabs. Two side corridors 
connect the driving compartments and provide acci^ss to the machinery 
compartment, access to the control compartments being obtained from 
the driving compartments through doors suitably interlocked with the 
high-tension circuits. 

The auxiliary machinery comprises duplicate compressors, rotary 
exhaq/sters, and blower sets, and a special three-unit motor generator 
(operating in parallel with a battery) for supplying the train lighting 
and control circuits at constant voltage. 

The control gear is of the individual contactor electro-pneumatic 
type, and is arranged for double series-parallel control with two shunted- 
field steps for each combination ot the motors. A noteworthy feature is 
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the use of iiiductivt) shunts havinjr the same “ time eonstaiit ” as the 
field windings. 

The whole equi])ment is divided into two halves, and simple arrange- 
ments are made for the isolation of either half. Any defective motor 
may be isolated by moving the appropriate reverser (by hand) to the 
“ off ” or “ cut-out ” position. The main connections are shown in Fig. 177. 

All the control and auxiliary (15()0-voU) circuits are duplicated as 
far as possible, the two halv(‘S being separately protected, in each case, by 
fuses. Moreover, the supply to either or both halvt^s of the main and 
auxiliary circuits may be obtained from either pantagraph. 

Protection against short circuits in the high-tension wiring from the 
pantagraphs is provided by main fuses, and an eli^ct roly tic (aluminium 
cell) lightning arrester gives protection from lightning and surges. 

The cooling air enters the motors at the commutator end, passes 
axially through the machines, and thence to the compartment containing 
the starting rheostats, from which it is ejected through louvres in the 
roof clerestory. 

High-speed locomotive with tandem, frame-mounted motors. The 

tandem (end-to-end) arrangement of motors driving a common axle is 
due to the Swiss Locomotive and Ma(;hinc Works, and its application to 
the Metropolitan- Vickers’ passenger locomotives for the Great Indian 
Peninsula Railway is shown on PlaU^ IV. This locomotive, Fig. 329 
(Reference No. 9), has an “ inside ” frame, three driving axles, a guiding 
bogie, and a pony axle (which is carried in a special frame and is (jonnected 
to the adjacent driving axle. The two axles adjacent to the bogie truck 
are not allowed end-play, but the axle adjacent to the pony axle is allowed 
an end-play of 2 x 1 in. 

Each of the driving axles is driv(ni through douldc-reduction single 
gearing from a pair of motors (eacli of which is rated at 3(50 li.p.), which 
are mounted in tandem on tlie locomotive frame above the driving 
wheels. The main gear wheel is fixed to a short quill and is arranged 
centrally betwiHUi the driving wluuds, the drive from quill to axki being 
effected by a universal coufding according to the method shown in 
Fig. 308. The cou]ding is a special type (vvliieh is a modification of the 
Oldham coupling) devidoped by the Swiss Locomotive Works. The Brown - 
Bov(‘ri linkwork cou])Iing is also suitable for this drive, and, in fact, was 
employed on tw^o axles of the trial locomotivcj. 

The six motors are contrcdled on the double series- parallel system by 
electro-pneumatic contactors, and no provision is made for regenerative 
braking. The motors are ventilated by two blowers and air trunks ; the 
(three) motors on one side of the locomotive being connected to one air 
trunk, and the motors on the other side being connected to another trunk. 

The body is of the box type and is divided into five main compart- 
ments (viz. two driving cabs, a central compartment above the driving 
wheels enclosing the main motors, a high-tension compartment containing 
the control gear and rheostats, and a compartment containing the 
auxiliary machinery). 

Views of the control compartment are shown in Fig. 329 a. This com- 
partment is located above the bogie truck and is divided into two portions 
by a central gangway, on each side of which are arranged the contactors 
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and rheostats. The contactors are mounted in compartments above the 
rheostats, and adequate provision is made for dissipating the heat pro- 
duced by the latter. The reversers and cam-operated re-grouping switches 
are mounted in small compartments above the motors. 

The auxiliary machinery is located in a compartment above the pony 
axle. 

Gearless locomotives. The type of high-speed locomotive (developed 
by the General Electric Co., Schenectady) having bipolar motors with 
the armatures directly upon the axles is in service on the New York 
Central and the Chicago, Milwaukee, and St. Paul Railways. These 
locomotives have shown good running qualities at high speeds, which 
may be attributed to (1) the relatively small size of armature carried 
upon the driving axles, (2) the use of guiding bogies, and (3) the 
special features incorporated into the trucks to check transverse oscilla- 
tions and to reduce the lateral pressure exerted by the wheel flanges on 
the rail head. Moreover, in the case of the New York Central locomotives, 
the maintenance costs have been exceptionally low. 

Usually, two or more driving trucks are employed, and the hinge 
joints are designed to allow of no relative lateral movement between the 
trucks. The guiding bogies arc connected to the main truck frames by 
centre-pin bearings, and their outer end-frames are fitted with inclined 
planes on which the outer ends of the main truck frames (to which the 
draw-gear is fitted) are supported by rollers ; this arrangement tending 
to retain the bogies in their central position relative to the main trucks. 
Hence any lateral motion of the main truck frames relative to the bogies 
causes the rollers to move up one or other of the inclined surfaces, thereby 
lifting the main truck frame and the cab, and bringing a large restoring 
force into action. The design of the inclined planes and rollers is such 
that there is no tendency to oscillate during the return movement 
following a displacement. 

The motors are of the special bipolar type [described in Chapter IV 
(p. 76)J with vertical and almost fiat pole faces (Fig. 36) to allow for the 
vertical movement of the armature in service. They are enclosed by 
sheet steel plates to protect them from track dust and dirt, and also to 
permit the efficient use of forced ventilation. A separate blower is 
employed for each motor, the several blowers on each truck being coupled 
together and driven by a single motor. The air is delivered at the com- 
mutator end, and circulates through and around the armature and field 
coils. It then passes to the rheostat compartments in the body of the 
locomotive, and finally leaves through louvres in the outer walls of these 
compartments. 

Fig. 330 shows the general arrangement of the motor, blower, and 
rheostats in the Chicago, Milwaukee, and St. Paul locomotives. In this 
case the control apparatus is located in two compartments, with cylin- 
drical roofs, which extend from the driver’s cabs, the latter being arranged 
on either side of a central compartment containing the train heating 
equipment (viz. an oil-fired steam generator and accessories). 

This locomotive (Reference No. 10) has 12 driving axles which are 
distributed over a wheel-base of 57 ft. 4 in., there being four trucks, each 
having a relatively short wheel-base. The two inner trucks each have four 
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Fig. 330a. — High-speed Gearless Locomotive. (General Electric Co., Schenectady.) 
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axles and a rigid wheel-base of 13 ft. 9 in. The outer trucks each consist 
of two driving axles (wheel-base, 4 ft. 7 in.) and a pony axle, the overall 
wheel-base being 67 ft. Each pony axle is allowed an end play of half an 
inch on each side of its central position, but such end-play is opposed by 
frictional resistances introduced by wedges in the journal boxes (Kg. 330). 
This feature, together with the inclined surfaces and rollers on the truck 
frames (mentioned above) effectively protects the track rails from lateral 
displacement. The dead weight per driving axle is about 96001b., of 
which about 5000 lb. is due to the armature and commutator. 

A New York Central locomotive (Reference No. 11) is shown in Kg. 
330a. In this case the guiding bogies are equipped with motors, there 
being a total of eight driving axles and four trucks. The motors of each 
truck are permanently connected in parallel, and the four pairs are con- 
trolled on the double series -parallel system. The body is supported by 
centre bearings and is divided into three compartments, viz. two driving 
cabs and a central compartment containing the control apparatus, com- 
pressor, and blower. The contactors are arranged back to back (about 
6 ft. above the floor) along the centre of this compartment ; the rheostats 
are mounted above, and the blower and compressor arc fixed to the floor. 
Gangways arc provided on each side for inspection purposes. The train 
steam-heating apparatus (consisting of an oil-fired boiler) is located in the 
driving cabs ; the boiler being placed in one cab, and the water and oil 
tanks in the other. 

Locomotives with collective connecting-rod drive. This type of loco- 
motive is usually cheaper to construct than one having frame-mounted 
motors and individual-axle drive. It is suitable for large outputs at slow 
and moderate speeds (i.e. freight service), for which conditions its adoption 
is justified in cases where frame-mounted motors are necessary. Although 
in the past side-rod locomotives have been constructed for high-speed 
running, the present tendency is towards the use of the individual-axle 
drive for high-speed, direct-current, and single-phase locomotives. 

An example of a direct-current locomotive with distributed collective 
drive and Metropolitan- Vickers’ equipment is illustrated in Kg. 331, 
and details of construction are shown in Plate V. A number of those 
locomotives (Reference No. 12) are in service on the Great Indian 
Peninsula Railway for freight traffic. Each locomotive has two three-axle 
trucks with coupled driving wheels, the coupled wheels of each truck 
being driven by connecting rods from a jack-shaft which is twin-geared 
to a twin motor rated at 1300 h.p., 1500 volts. The drive is similar to 
that (Fig. 342) used, with success, in a number of single-phase locomotives. 

The two trucks are connected together by the under-frame of the body 
(which transmits, via centre-pin bearings, the tractive effort from one 
truck to the other), and also by a special linkwork which is designed to 
prevent “ nosing ” and transverse oscillations of the trucks. 

The driving motors are mounted on the truck framing between the 
outer and intermediate axles, and the jack-shafts are symmetrically 
placed with respect to these axles. Each motor has a built-on blower 
and is fitted with twin (helical) gearing with springs in the pinions 
(Fig. 31). Adjacent to the motors are mounted the reversers, together 
with the contactors and rheostats for tapped- and shunted-field control. 
This apparatus and the motors are enclosed by hoods which are separate 




Fio. 331.— Freight Locomotive (G.I.P. Railway) with Distributed-collective Drive. (Metropolitan- Vickers.) 
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from the main body and can be completely removed, as shown in Fig. 
332. Views of the driving cab are shown in Fig. 333. The master controller 
is arranged for regenerative braking, and is of the type illustrated in 
Fig. 156. The motor cut-out switch (control circuit) is adjacent to the 
master controller and is operated by the reversing handle of the latter. 

The control apparatus (contactors, cam switches, etc.) is arranged in 
two compartments which are separated by two other compartments — 
occupying the centre of the body — containing the rheostats. Access to 



Fju. -Ono of tlio Driving Units of Locomotive illustrated in Fig. 331. 


these compartments is obtained from a side corridor communicating with 
the driving cabs. Each control compartment has a central gangway 
(tranii verse to the body), on cither side of which the apparatus is arranged. 
The rheostat compartments have also a central gangway, the rheostats 
being arranged in tiers on each side. Views of the control and rheostat 
compartments are shown in Fig. 333a. 

The auxiliary machinery is located in compartments adjoining the 
driving cabs, as shown in Plate V. 

II. Single-phase Locomotives 

Compared with the high-voltage, direct-current locomotives which 
we have been considering, a large single-phase locomotive is characterized 
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by its simplicity and the absence of isolated and locked compartments 
containing a multitude of apparatus and connections. This outstanding 
feature is due to (1) the absence of rheostats, (2) the low voltage of the 
motors, and (3) the simplicity of the control gear owing to the elimination 
of series-parallel control. 

In general, the only high-tension gear in the body of a single-phase 
locomotive is the main oil switch and the current transformers for 
operating the protective relays and instruments. 

The motors, or motor groups, are usually connected permanently in 
parallel and are supplied from a single transformer ; a single tapping- 
switch or group of contactors being employed for controlling the voltage 
applied to the motors. In some cases, however, two transformers and 
groups of contactors are employed. 

The auxiliary plant (e.g. compressors, blowers, lighting motor- genera- 
tor set) is supplied at low voltage from a tapping on the main 
transformer. 

Heavy freight locomotive with geared, axle-mounted motors. The 

general arrangement of a locomotive of this type (which is in service on 
the German State Railways) is shown in Fig. 334. 1'he locomotive 
(Reference No. 13) is of the articulated-truck type with six driving 
axles, and has Siemens- Schuckert equipment, the motors being of the 
type shown in Fig. 55. 

The six motors are connected in parallel and are sux)plied from two 
transformers, each of which has its own group of contactors and a triple 
(three-legged) choking coil, arranged in accordance with the scheme of 
Fig. 186. The centre points of each of the triple choking coils are, 
however, connected to a third choking (or equalizing) coil, and the 
motors are connected to the centre-point of this coil. The transformers, 
therefore, operate in parallel. This arrangement with duplicate trans- 
formers was adopted in preference to that with a singk^ transformer in 
order to obtain a better distribution of weight on the locomotive. 

The body is constructed in two halves, each half being fixed to the 
corresponding truck. The two halves arc close coupled and are provided 
with a short communicating gangway. The driving cabins occupy the 
central portions of each half-body, and adjoin compartments (which are 
connected by a gangway) containing the auxiliar)^ machinery (viz. two 
blower sets and an air compressor). Narrow, tape^red extensions of the 
body beyond the driving cabins contain the transformers, main oil 
switch, choking coils, and air reservoirs. The contactors are located in 
hoods adjacent to the transformer compartments. 

Locomotives with individual-axle quill drives and frame-mounted 
motors. Locomotives of this type have been in operation on the New 
York, New Haven, and Hartford Railroad since the inauguration of the 
electric services in 1906. Both gearless and geared types are now in 
operation, the former (w'hich was the original type of locomotive) being 
employed for high-speed passenger service, and the latter for passenger 
and freight service. All locomotives have a spring drive from quill to 
driving wheels, the latest form of which is shown in Fig. 305. In all 
cases the designs and equipment are due to the Westinghouse Co. Certain 
of the Jopoxuptives have to operate dually with alternating current (at 




illustration shows the Master Controller. 
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11,000 volts, 25 cycles) and direct current (at 050 volts),* and these have 
the motors and control gear specially arrang(‘d for this purpose, according 
to the scheme described on p. 200. 

A typical locomotive is illustrated in Fig. which shows the box 
form of body adopted for all freight and passengc^r hujomotives.t This 
locomotive (Fig. 335, K(‘ference No. 14) is in freight s(*rviee and is e<piipped 
with twin motors, a ty})ical twin motor being shown in J^'ig. 330. Each 
element of the twin motor is of the Wi^stinghouse series tyi)e (p. 101) and 
has a one-hour rating of about 200 h.p. at 275 volts, 25 (cycles. Such twin- 
motor e([uipments hav(‘ been standardizcnl sinc(‘ 1012 for all freight and 



FiiJ. ,‘335. -Wi’stinglioiiso SiagK**j)liasL' Locoiuolivi*. 


passenger locomotives. Th(‘ trucks ar(‘ of the equalized arlumlated type 
with radial pony axl(*s, and arc shown in Fig. 337. This illustration refers 
to the trucks of an experimental locomotive equi[)[)ed with fraiiu'-mountcd 
geared singh^ motors. Service tests on this locomotive, and a similar 
locomotive equipped with twin-motors, dennoust rated that twin-motor 
equij)ment ])ossess<*d the advantagevs of lighter w(‘ight and a greater ea.sti 
of maintenaiKie. 

The body, in addition to being ti<t(*d with i;entre b(‘arings, is spring 
supported on eight fiietion ]jlat(*s (A, Fig. 337), the springs l)eing con- 
tained in spring pockets attached to th(‘ underskh^ of th(^ body. Spring 
plungers are also fitted to the uiuhu-frame to engagii the side bearings, B, 
above the pony whetds, their function being to ehc'ck transverse oscillations 
of the body. 

The special feature's of the trucks and the twin-motor equipment have 
been retained with modifications in larger locomotives rec(‘ntly built for 

* The New Haven trains run into Now York City over tlio New York Central 
lines, which are electrified on the direct -current system. 

t The “ steeple ” typo of cab is adopted for shunting locomotives (see Fig. 442). 
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passenger servic(\ In these lo(iomoti ves (Reference No. 15) each truck has 
three driving axles, and a j’adial pony axle is fitted at each end. Each 
truck frame, instead of being built-up as in the example shown in Fig. 337, 
is a single steel casting, and weighs about 18,000 lb. This one-piece form 
of construction avoids the largo amount of machining and fitting w'hich 
is necessary with a built-up frame. 

The control gear is of the electro-pneumatic, unit -switch type, and is 
arranged for dual operation, according to the scheme shown in Fig. 206. 
The control circuits are supplied from duplicate 32- volt storage batteries. 

The transformer (rated at 2100 kVA.) is of the air-blast type, and is 
used solely for supplying the motors and auxiliary circuits, the train 

heating being by steam 
supplied by an oil-fired 
flash boiler carried on the 
locomotive. 

High-speed loco- 
motives with individual- 
axle drive and frame- 
mounted geared motors. 
The principal single-phase 
locomotives of this type 
are of the Brown-Boveri 
design with outside link- 
work drive, as shown in 
Fig. 302 and described 
on p. 423. Such loco- 
motives have been stan- 
dardized by the Swiss 
Federal Railways for ex- 
press passenger services, 
and details of a tyjjical locomotive are shown in Plato VI. 

This locomotive (Reference No. 16) has four driving axles, a guiding 
bogie, and a trailing pony axle, combined with the adjacent driving axle 
so as to be equivalent to a bogie truck. The general design and arrange- 
ment of the locomotive frame is similar to that of the direct-current 
Paris-Orleans locomotive (p. 452), except for the unsymmetrical wheel 
arrangement, but, in the present case, the transmission gear is fitted 
only at one end of each axle (instead of both ends as in the previous 
case (Fig. 338) which have three, driving axles). '^Fhe body is of similar 
shape to that adopted for lighter passenger locomotives. 

The four driving motors (Fig. 68) are each rated at 775 h.p. They 
are connected in parallel and supplied from a single transformer having 
seven tappings on the secondary winding, the control of the voltage being 
effected by a motor-driven tapping switch (Fig. 196). 

The transformer is of the oil-cooled type with forced oil circulation 
(by pump) and a separate oil cooler, which consists of a nest of drawn 
steel tubes located beneath the running board on the side of the locomo- 
tive remote from the driving side. This form of cooler (Fig. 339) has given 
very satisfactory results in service and possesses the advantages that it 
is external to the locomotive body, requires no blower or fan, and reduces 
the amount of auxiliary equipment. 



Fig. 330.' -Wostinghouso Twin Motors for 
Siiiglo -pluiso Locoinotivo.s. 
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The motors are forced ventilated by separate blowers, which are 
driven in pairs; as shown in Fig. 339. The shaft of one blower is extended 
for coupling to a 36-volt direct-current generator (for supplying the 


control circuits) and a centri- 
fugal pump for circulating the 
cooling oil of the transformer. 

The supply to the auxiliary 
circuits (viz. the motors driving 
the blowers and compressors, 
and the heaters in the driving 
cabs) is controlled by a two- 
way switch by means of which 
this* supply may be obtained 
either from the 220 volt tap- 
ping on the main transformer 
or an external supply plugged 
into a receptacle on the side of 
the locomotive. The auxiliary 
machines and circuits may, 
therefore, be tested in the 
depots without exciting the 
main transformer. 

The reversers are mounted 
on the frames of the motors 
and are coupled together for 
operation by the usual electro- 
pneumatic mechanism. Any 
reverser, however, may be 
uncoupled and locked in the 
“ off ” position for the purpose 
of cutting-out a defective 
motor. 

A gangway is provided 
at the commutator end of 
the motors to facilitate inspec- 
tion of the brush -gear, etc. 
No gangway is provided at the 
opposite (blower) end, but the 
side wall is removable, as shown 
in Fig. 339. 

Locomotives with collective 
and distribute d-collective 
drives. Fig. 340 shows the 
general arrangement of a 
Brown-Boveri shunting loco- 
motive with collective drive, 
which is in service on the Swiss 



Federal Railways. This locomotive (lleferencc No. 17) has a single motor 
(700 h.p.) which is geared to a jack-shaft, from which the coupled wheels 
are driven by connecting rods. To obtain a symmetrical drive, gearing 
(of the single helical type) is fitted at each end of the armature shaft, and 
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the pinions are fitted with both syjrings and slipping couplings to relieve 
the armatures from the impacts inseparable from shunting service. The 
armature winding is ]3rovided with resistance connections which are 
arranged as showji in Fig. 66. 

The motor, together with the reverser, blower, and motor-generator 
set (for supplying the control and lighting circuits), are located at one 
end of the locomotive, and the transformer (with the built-on tapping 



Ki<i. .SSS. - Loc()nio<iv(‘ (Swiss Fo(l(‘ral Railways) willi Rrown-J^)V(‘ri 

riulivahial-axlo Drive. 


switch), together with the main oil switch and the air compressor, are 
located at the other end. 

The cab is of the “ stee])le ” type^ and contains only the masU^r 
controllcT, control switches, and brake k^vt^rs. All eontrols,'as w(dl as the 
brake l(^vers, are duplicated and m(^chanically coupk'd, so that the 
driver may commemee a switching operation at one (Mid of the cab, and, 
if necessary, complete it at the other end. 

The general arrangemcMit of a passenger locomotive with colli^ctivo 
drive is shown in Fig. 341, and is r(*pr(*s(Mitativo of the locomotives in 
service on the Swedish State Railways for passenger and freight traffic.* 

The locomotive (Ref(?rence No. J8) is built with a plate frame, and 
has three driving axl(‘S a?ul two f)ony iixles (Biss(d trucks). Two pairs 
of driving whe(*ls are driven by horizonlal connecting rods from a jack- 
shaft, and the remaining pair of wheels is coupknl to the adjacent pair 
by coupling rods. The jack-shaft has a diametc^r of 275 mm. (10-8 in.) 
at the journals, and is driven through twin gearing (of the helical type) 
from a twin motor, each clement of which has a one-hour rating of 
♦ The freight locomotives liavo a liigher gear ratio than tho passenger locomotives. 







Fig. 341. Freight and Passenger Locomotive (Swedish State Railways) with Collective Drive. (A.S.E.A.) 
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830 390 volts, 730 r.p.m. Details of these machines are given on 

p. 107. The two machines forming a twin motor are permanently con- 
nected in scries, and are ventilated by two blowers built on to the common 
housing in which the stators and bearings are mounted. The armature 
bearings have forced oil lubrication, which form of lubrication is also 
employed for the spring couplings between the armature shafts and the 
pinions, and for the jack-shaft bearings. 

The main transformer has a continuous rating of 1490 kVA., of which 
200 kVA. are required for train heating in winter. It is of the oil-cooled 
type with forced oil circulation, the oil being cooled in a separate cooler 
(which is of the multi-tubular type with air, supplied by a blower, as the 
cooling medium). 

The sc^condary winding has tappings to give the following voltages: 
168, 216, 264, 383, 528, 672, 840 ; all of which, except the 216-volt 
tapping (which supplies the control and auxiliary circuits), are used for 
controlling the main motors. The three highest tappings are also used 
for sufiplying the heating circuits through a suitable control switch. 

The control gear is of the electro-magnetic contactor type, the con- 
tactors and reverser operating with single-phase current. 

1.^he whole of this gear is assembled on a frame of structural steel, 
which is located adjacent to the transformer, and the main connections 
are made with heavy copper bars. 

The eighteen contactors are arranged in six groups, and the con- 
tactors of each group are connected to a tapping on the transformer 
and to two choking coils according to the scheme of Fig. 185, so that 
sixteen running points arc obtained. 

Th(^ lighting of the locomotive is normally obtained from a small 
auxiliary transformer, a low voltage (24 volts) being adopted on account 
of the low frequency. A battery of accumulators forms a reserve supply 
ill th(^ event of the traction supply failing, the change-over being effected 
automatically. 

An example of a heavy freight locomotive with distributed collective 
drive is shown in Fig. 342, and details arc shown in Plate VII. This 
locomotive (Reference No. 19) represents the latest type of freight 
locomotive adopted by the Swiss Federal Railways. It has Oerlikon 
electrical equipment and is arranged for regenerative braking. The two 
articulated trucks each have three coupled driving axles and a pony 
axle. Each truck is equipped with a pair of 625 h.p. motors, which are 
mounted together as a twin motor and drive the jack-shaft through 
single-helical gearing, spring pinions being fitted at each end of the 
armature shafts. Fig. 343 shows in outline the arrangement. 

The body of the locomotive is constructed as a single unit and contains 
the main transformer, main oil switch, contactors, master controllers, 
and protective gear. It is carried on centre and side bearings in the usual 
manner, and can be removed completely. 

The transformer is of the oil-cooled type with forced oil circulation, 
the oil being cooled in a separate cooler, which is supplied with cooling 
air by a blower. The motor driving this blower is coupled to the oil 
pump and also to a generator for supplying the control and locomotive- 
lighting circuits. 

The transformer has double secondary windings, each with nine 




Fio. 342, 343. — Heavy Freight Locomotive, Swiss Federal Railways (Oerlikon.) 
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tappings. Each secondary winding is connected to a group of cam- 
operated contactors from which the motors are supph’ed in accordance 
with the scheme of Fig. 187a. The primary winding has tappings at 
1000, 800, and 220 volts ; the 1000 and 800 volt tappings being for tram 
heating, and the 220 volt tapping for the auxiliary circuits. Provision is 




made, when the locomotive is in a depot, for supplying the auxiliary 
circuits without exciting the transformer. 

Examples of recent Siemens-Schuckert height and passenger locomo- 
tives witti distributed collective drive, which are in service on the Oeni^ 
State Railways, are illustrated in Fig. 344. One locomotive is designed for 
heavy freight service and the other for passenger service. . , 

The freight locomotive (Reference No. 20) is of the articulated-track 
type, each track having three driving axles with coupled driving wheels 
driven from a jack-shaft by long connecting rods almost horizontal ; the 
drive being practically identical to that of the locomotive illustrated in 
Fig. 342. Each jack-shaft is driven through twin gearing by a twin 



Fig. 345.— General Arrangement of Passenger Locomotive (German State Railways) with Distributed Collective Drive. 

(Siemens-Schuckert. ) 
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motor of 2 X 490 h.p. The machines forming a twin motor are built 
with a common housing, which also carries the jack-shaft bearings, the 
blowers, the reverser, and the shunting resistances for the commutating- 
pole windings. The arrangement is similar to that adopted for the 
passenger locomotive. 

[The body of the locomotive is of the box type and is constructed in 
three sections ; each end sfiction being fixed to its appropriate truck, and 



Fig. 340. — ^Driving Cab of Single-phase? Locomotive. 
(S'lomons-Scliuckcrt. ) 


the central section being connected to each truck by pins. All the sections 
are of approximately the same width arid height, and are flexibly con- 
nected so as to provide through communication from one end to the 
other. The layout of the interior of the body and the system of control 
are practically identical with those of the passenger locomotive. 

The passenger locomotive (Reference No. 21) has a plate frame with 
four driving axles and two guiding bogies. The driving wheels are coupled 
in pairs to two jack-shafts, each of wliich is driven by connecting rods 
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from an intermediate shaft geared to a twin motor. The general arrange- 
ment is shown in Fig. 345. The intermediate shaft is on a level with the 
armature shafts, and occupies a central position between them. It is 
mounted in bearings in the housing which contains the stators (which 
are built separately, similar to Fig. 67) and armature bearings. The upper 
half of this housing is fitted with the blowers ; and the reverser and 
shunting resistances for the commutating-pole windings are also mounted 
thereon. The complete assembly, together with a partially-assembled 
twin motor, can bo seen in Fig. 315. 

The body is of the box type and is constructed as a single unit. 
A driving compartment, Fig. 346, is provided at each end, and the 
remainder forms one large compartment for the motors, transformer, 
and "auxiliary machines. 

The transformer is of the oil-cooled type with forced oil circulation 
and an external oil cooler. It has double secondary windings, the tappings 
of which are connected to two groups of electro-magnetic contactors, 
according to the scheme of Fig. 186. The contactors are mounted on the 
top of the transformer, as shown in Fig. 315. 

III. Three-Phase Locomotives 

Three-phase locomotives for operating on low-frequency, medium- 
voltage systems are characterized by their extreme simplicity, owing to 
the absence of transformers and tap-changing gear. A largo number 
(over 400) of these locomotives are in service on the Italian State Bail- 
ways» the majority being equipped with two largo (1000 to 1300 h.p.) 
gearless induction motors and scotch yokes. Typical freight and passenger 
locomotives are illustrated in Fig. 347. 

The freight locomotive (Roforcnco No. 22) is equipped with two 
1000 hip. motors, which are controlled on the cascade-parallel system, 
the synchronous speeds — corresponding to normal frequency (16§ cycles) 
— being 14 ml.p.h. and 28 ml.p.h. A large number of these locomotives 
are in service on the Giovi-Genoa lines, on which the gradients are long 
and heavy, the maximum gradient being 3*5 per cent. The total weight 
of the locomotive is 60 tons, all of which is on the driving whe^els. Two 
locomotives (one hauling and the other pushing) are capable of handling 
freight trains weighing 260 tons (excluding the locomotives) over the 
Giovi lines at a speed of 24-3 ml.p.h. up the gradients. On the return 
journey (down the gradients) two locomotives are coupled together at 
the front of the train, and the gradients arc descended at a speed of 
about 30 ml.p.h. with the motors acting as induction (asynchronous) 
generators, from 500 to 700 kW. being returned to the supply systi^m by 
each locomotive. The performance of these freight locomotives has been 
highly satisfactory, and their adoption on the Giovi lines has enabled 
the capacity of these lines under steam conditions to be nearly trebled, 
this increase in capacity being due to the higher speeds and the heavier 
trains.* 

In the latest locomotives the Bianchi jointcd-linkwork drive. Fig. 310, 
is employed inst(‘ad of the Scotch-yoke drive. 

♦ For interesting data relating to the Giovi lines and tlio perforinaiico of the 
electric locomotives, so© The Engineer, vol. 117, pp. 89, 116, 143, 194, and The 
Electric Journal, vol. 11, p^660. 
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The passenger locomotive (Reference No. 23) is equipped with two 
1300 h.p. two-spoed induction motors, which are controlled on the 
changeable-pole cascade -parallel system, so that four running speeds are 



J 



Fio. 347. — ^Throo -phase Freight and Passenger Locomotives (Italian State 
Railways) with “ Scotch Yoke ” Drive. (Society Italiana Wostinghouse. ) 


obtained, these speeds (corresponding to the synchronous speeds at normal 
frequency, 16§ cycles) being 23*3, 31, 46’6, 62 ml.p.h. The weight of the 
complete locomotive is 71 tons, of which from 60 to 44 tons is adhesive 
weight. The variation of the adhesive weight is obtained by transferring 
weight from the driving axles to the pony axles. 

The shafts of the motors are supported in bearings carried in special 
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supports from the locomotive frame,* and the concentricity of the stator 
and rotor is obtained by bearings located in the frame-heads of the 
motor (see Fig. 85, p. 140). 

The tractive effort of the locomotive — (iorresponding to the rated load 
of the motors — at the four running speeds is as follows — 


Connection of Motors 

Synchronous Speed 
(ml.p.h.) 

Tractive Effort 
(lb.) 

8-pole, cascade. 

23-3 

19,800 

6-polo, cascade. 

31 

19,800 

8-pole, parallel .... 

466 

20,900 

6-pole, parallel. 

62 

13,200 


Locomotives for operating on circuits of normal freQuency (40 to 50 
cycles per second)— for which a high lino voltage (c.g. 10,000 volts) is 
necessary to avoid a high voltage drop due to the increased reactance of 
the trolley wires and rails — require to bo equipped witli transformers 
in order to obtain a suitable voltage (c.g. 1000 volts) for the motors, which 
in this case are relatively high-speed machines and transmit their power 
through gearing. 

A passenger locomotive in service on the 45-cyclo, 10, 000- volt lines of 
the Italian State Railways is illustrated in Fig. 348. The locomotive has 
four driving axles and two pony axles, and weighs 90 tons, of which about 
64 tons is adhesive weight. It is equipped with tw o 1300 h.p., 930-volt, 
forced ventilated, changeable-pole motors, which are twin-geared to jack 
shafts (gear ratio 2-7), from which the cou^ded driving wheels arc driven 
by S(?otch yokes. The motors have pole-changing w indings to give either 
six or (*ight pol(‘s (according to the schemes of Figs. 77 and 80), and arc 
controlled on the cascade-i>ole-changing system (p. 296), .an automatic 
liquid rheostat being employed for controlling the torque during starting. 

The speeds and tractive* (efforts of the locomotive, corn'sponding to the 
one-hour ratings of the four combinations of the motors, are — 


('onnci(5tioii of Motors 


8 -polo, cascade . 
fi-jiolo, cascade . 
8-poIo, parallel . 
6-polo, parallel . 


Synchronous Spccil 

1 Tractive l<]ffort 

(iul.j>.h.) 

(lb.) 

23-3 

14,500 

31 

14,600 

46-6 

18,700 

62 

15,400 


The oil-immersed transformer is rated at 1730 kVA., and has primary 
(10,000 volts), secondary (930 volts), and tertiary (110 volts) windings; 
the tertiary winding supplying the auxiliary circuits. Efficient cooling is 
ensured by forced circulation of the oil through a series of exposed tubes 
located along one of the running boards, the arrangement being similar 


* See The Engineer, vol. 116, p. 216, for details of these supports. 
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to that employed on the passenger locomotives (Fig. 339) of the Swiss 
Federal Railways. 

The freight locomotives in service on these (45-cycle, 10, 000- volt) lines 
weigh 75 tons, and have mechanical details practically identical with those 
of the low-frequency freight locomotives (Fig. 347), except that the motors 
are twin-geared to the Scotch yokes (gear ratio 3-625). The motors are 
wound for six poles and are controlled on the cascade-parallel system. 

The synchronous speeds of the locomotive are 15-5 and 31 ml.p.h., and 
the corresponding one-hour tractive efforts arc 22,000 lb. and 26,400 lb. 

IV. Split -PHASE and Composite (A.C.-D.C.) Locomotives 

Split-phase locomotives. A “ split-phase ” locomotive operates from 
a single-phase supply system and has driving motors of the three-phase 



P'la. 348. — "Ihroo-phaso Passentjor Looomotivo (Italian State Railways) with 
Pantagraph Collectors for I0,0()0-volt Supply. (Rrown-Boveri.) 


induction type. The motors arc supplied with current, at the supply 
frequency, from a phase converter {ind are controlled in the manner 
explained on p. 301 . As the functions of the phase converter are reversible, 
regenerative braking can be obtained in the same manner as with a 
three-phase locomotive. 

Locomotives of this type have been developed by the Westinghousc 
Co. for coal traffic on the heavy grades of the Norfolk and Western and 
the Virginian Railways, U.S.A. ; the distribution voltage being 11,000, 
and the frequency 25 cycles per second.* 

The Norfolk and Western locomotives have distributed collective drives, 
and are operated as “ double ” locomotives, two locomotive “ units ” 
being permanently coupled together. A typical locomotive (Reference 

♦ A split-pliaso locomotive designed (by Ganz & Co., Budapest) for operating 
from circuits of normal frequency (42 to 50 cycles per second) was in 1923 placed in 
service on a section of the Hungarian 8tato Railways. In this locomotive control 
of the motors is etfocted by variation of voltage. Details of tho system (due to do 
Kando) are given in tho Tranftartions of First World Power Conference (London), 
1924, vol. iv, p. 983. 
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No. 24) is shown in Fig. 349. The body of each unit is of the box type and 
is mounted upon two articulated trucks, each of which has two driving 
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axles and one pony axle. The driving wheels of each truck are coupled 
directly to a jack-shaft, which is twin-geared to a pair of three-phase 
induction motors. Fig. 349a shows the arrangement of the motors and 
gearing. 
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Heavier (185-ton) locomotives, recently built, are also of the two-unit 
type and each unit has two pairs of driving axles, but the four axles are 
fitted into a common framing, the rigid wheel-base being 16 ft. 6 in. The 
driving wheels are coupled in pairs, and each pair is separately driven from 
a jack-shaft by horizontal connecting rods. Each jack-shaft is driven 
through flexible twin-gearing from a single motor of 1000-1200 h.p. 

The motors of both locomotives have polc-changing stator windings 
(8/4 ])oles) and double rotor windings. They are controlled by liquid 



Fio. .‘)49 a. — T ruck witii Motors and (Joar-driven Jack-shaft for Norfok and 
Western Locomotive. 


rheostats, and during starling provision is made for reducing, when neces- 
sary, the torque of any motor, or j)air of motors, as the case may be, 
without affecting the torque of the other motors. Thus in the event of 
one pair of driving wheels slipjung the torque of the corresponding motor, 
or motors, can be reduced until th(^ slipping ceases, when the normal 
torque can be r(‘stor(?d. To prevent the complete loss of tractive effort 
momentarily w'hen changing the number of poles, this opc^ration is effected 
in two steps, each step involving only one-half of th(‘ number of motors 
on the locomotive. 

The phases converter originally was of the induction type, but the 
synchronous typ(^ is emj)loyed in the more reccuit locomotives to enable 
the power factor to be controlled and maintained at about 0-95. In each 
case the converter is started by a singl(;-phase commutator motor. Tap- 
pings on the transformer, together with a contactor-type tap-changer, 
enable normal voltage to be obtained on the three-phase side of the phase 
converter when the (single-phase) trolley-wire voltage is below normal, a 
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variation of 15 per cent of the normal voltage (11,000 volts) being 
provided for. 

Composite locomotives. The term “ composite ” locomotive is applied 
to a locomotive equipped with direct-current motors and supplied with 
energy from a single-phase system. Such a locomotive, therefore, must 
be equipped with converting plant of the rotating (motor-generator) type.* 
An experimental locomotive of this type was built by the Oerlikoii Co. 
in 1905 for working from a 15,000-volt, 50-cycle, single-phase system, but 
the development was then dropped owing to the evolution of the low- 
frequency single-phase commutator motor, which was able at that period 
to satisfy the requirements of railway electrification. However, present- 
day requirements in the electrification of mountain-grade railways hand- 
ling heavy traffic have necessitated the development of extrenuOy powerful 



Fig. 350. — Composite (Motor-generator) Locomotive in Service on Gt. Northern 
Railway. (General Electric Co., Schenectady.) 


locomotives, the full cajiaeity of which can be utilized for both propulsion 
and regenerative braking. One solution is the “ split-jihase ” locomotive, 
and another solution is the “ composite ” locomotive. The latter type of 
locomotive possesses a number of advantages over the split-phase loco- 
motive, and has been adopted for the recently electrified lines of the 
Great Northern Railway in the Cascade Mountains. f 

Fig. 350 shows one of the Great Northern locomotives (Reference 
No. 25), designed and equipped by the Gc^neral Electric Co., Schenectady. 
The body is mounted upon two articulated trucks, each having three 
driving axles and a radial pony axle. A detail view of one of the trucks 
is given in Fig. 350a, which shows the single steel casting combining the 
side-frames, end-frames, transoms, and air (ventilating) trunk. Each 

* The merciiry-arc rectifier is unsuitable on accovmt of its non-reversibility and 
its operation being affected by vibration. 

t Eor details, see Transactiom A.I.E.E., vol. 48, p. 40. Previous to this electrifica- 
tion a Westinghouso locomotive (340 tons, 4200 h.p.) was in service on the IT-mile, 
single-track, Detroit, l^oicdo and Ironton Railway for handling fmight traffic 
between the works of the Ford Motor Co. Details ai-e given in the Tramway and 
Railway Worlds vol. vii, p. 187, 
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driving axle is twin-geared to a 550-h.p., 750-volt, axle-mounted motor, 
and the trucks are designed to permit the removal of a complete motor 
and axle into a pit. 

The six motors are permanently connected in series-parallel; there 
being three groups, each consisting of two motors connected in series. 
When motoring, they arc controlled by varying the applied voltage and 
by shunting the field windings. Ri^generative braking is obtained by 
separately ('xciting the field windings ; electrical stability being obtained 



Fig. 3iv0\. — Oiu? of Trucks of Locomotive illustrated iu Fip. 350, sliowing 
Oiii -i)ioco St(M*l Casting combining Side Krainrs, Kiid Frames, Transoms, 
etc. 


by means of stabilizing r(*sistances. Control of tlie braking torque is 
effected by varying tli(' excitation of the traedion motors, and, if necessary, 
that of the main g(*nerators also. 

The motor-geiKM-ator s(d, Fig. .‘h>()ii, runs at a speed of 750 r.p.m. and 
consists of a IloOO-h.})., 2.‘l()()-volt. 25-eyel(*, synchronous motor, coupled 



Fio. 350b. — Part of Motor -generator Sot (Diroct-current CJenorators and Com- 
bined Starting Motor and Regenerative Exeitor) for Locomotive illustrated 
in Fig. 350. Note. — The synchronous motor and main exciter form a 
separate unit, which is connocttnl to the above by a flexible coupling. 

to : (1) a 2500-kW., 1500- volt, direct-current, se])arately-excited generator 
(consisting of two 750-volt machines connected permanently in series), 
(2) a 65-volt exciter for the synchronous motor, generator, and control- 
circuit supply, (3) a dual machine which can operate either as a single- 
phase series motor (for starting the set) or as a direct-current generator 
(for (i.xciting the traction motor field windings during regenerative 
braking). 
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The synchronous motor is started by supplying current to the starting 
motor; the transformer being provided with a special (150- volt) winding 
for this purpose on account of the heavy starting current (4000 amperes). 
When the speed reaches about 80 per cent of synchronous speed (which 
condition is indicated by the building-up of the exciter) the stator is 
connected to the 1800- volt tapping of the transformer. The motor then 
runs up to synchronous speed, and, when it pulls into step, the stator is 
transferred to normal voltage ; excitation is applied, and the starting motor 
is disconnected. All operations arc effected automatically. 

The transformer is of the air-blast type and is rated at 3285 kVA. It 
weighs 26,850 lb. ; is installed on its side ; has overall dimensions 88 in. 
by 53J in. by 78 in. high, and requires 7000 cu. ft. of air per minute (at 
40'' C.) at a pressure of 0*125 lb. per square in. 

The auxiliary apparatus comprises : two air compressors ; two blower 
sets for the transformer; a blower set for the traction motors; a 65-volt 
storage battery for emergency lighting and for supplying the control cir- 
. cuits of the electro-magnetic contactors controlling the starting motor of 
the motor-generator set and the air-compressor motors. The motors of the 
air-compressors and transformer blower sets are of the single-phase 
repulsion-induction type, but the motor driving the blowers for the 
traction motors is of the three-phase induction type, and is supplied from 
the synchronous motor, the stator of which is wound with three phases. 

The control system provides for 24 ox)CTating voltages, two shunted- 
field stex)s when motoring, and 16 values of excitation for regenerative 
braking. Electro-pneumatic contactors are employed, and, except for the 
shunted -field steps, arc connected in the shunt-field circuits of the generator 
and regenerative-braking exciter. The master controller has three handles 
which control (1) the reversers, (2) the operating voltage, (3) the excitation 
during regenerative braking. 

The Westinghouse locomotives in service on the Great Northern Rail- 
way are designed for a lower operating speed and differ in a number of 
details from the General Electric locomotives. For examj^le, there are 
four driving axles ; the four motors (each 540 h.j)., 600 volts) are connected 
permanently in parallel and are sux)plied from a single 1500-kW., 600- volt 
generator; the motor-generator set is started from a 125- volt storage 
battery ; field control of the traction motors is enqfioyed during motoring 
at full voltage, the field windings of the traction motors being separately 
excited from a special exciter. 



CHAPTER XVIII 

TRAIN RESISTANCE 

Train resistance is the term applied to the forces resisting the motion 
of a train when it is running at uniform speed on a straight and level 
track. Under these conditions the whole of the energy output from the 
driving axles is expended against train resistance. Thus a portion is 
expended against friction internal to the rolling stock (which consists 
of friction at the journals, guides, bogies, buffers, etc.) ; another portion 
is expended against the external resistances between the rolling stock 
and the track (e.g. rolling friction between the wheels and rails, flange 
friction between the wheels and rails, resistances resulting from the 
temporary deflection of the track duo to the passage of the train over it) ; 
and the remaining portion is expended against air resistance. 

Components of train resistance. The internal and external resistances 
together constitute the mechanical resistance component of train resistance. 
These resistances do not admit of detailed analysis on account of their 
varied and uncertain nature. For example, flange friction depends largely 
upon accidental conditions such as oscillation of the coaches, lateral 
wind pressure, etc., while the track resistance is influenced by the con- 
dition of the track, the strength of the rails, and the nature of the ballast. 

It is probable that some of these resistances increase with the speed, 
while others may bo unaffected or may even decrease with the speed. 
At low and moderate speeds (between 5 ml.p.h. and 40 ml.p.h.) we are 
probably correct in assuming that the mechanical resistance increases 
directly with the speed,* but at higher speeds there is evidence to show 
that this relation does not hold good. In fact the train-resistance testsf 
carried out on the Marienfeldc-Zossen experimental track indicate that, 
for the particular coaches experimented with, the mechanical resistance 
is practically constant between speeds of 90 and 125 ml.p.h. At these 
high speeds, however, the train resistance consists principally of air 
resistance, and the mechanical resistance is only a small fraction of the 
total. 

The mechanical resistance is generally assumed to be proportional 
to the weight of the train, which assumption, for a given class of rolling 
stock, is probably correct. Experiments have demonstrated that less 
tractive effort per ton of train weight is required to haul trains composed 
of hea^y rolling stock than similar trains composed of light coaches, 
other conditions being equal. A similar result has been obtained in 
certain tests with bogie freight wagons, where the tractive effort per ton 
of train weight required to haul a train of loaded wagons was only 56 per 
cent of that required to haul the same train of empty wagons over the 

* This law does not hold good for the very low speeds incidental to starting, 
as the resistance under these conditions is very mxich greater than that at speeds 
above 4 to 6 ml.p.h. — due to increased track resistance and journal friction. 

t See Journ. I,E.E., vol. 33, p. 894. Paper on “ High-speed Electric Railway 
Experiments on the Marienfelde-Zossen Line.” 
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same track under similar conditions of speed.* An explanation of this 
phenomenon is that the flange friction of a bogie truck is reduced by an 
increase of load. 

The air resistance is generally assumed to vary as the square of the 
velocity of the train ; and may be divided into two components, viz. one 
associated with the ends of the train and the other with the length of 
the train. The former includes the head resistance and the suction effect 
at the rear, while the latter includes the air friction on the sides, top, and 
underside of train, and is termed “ skin friction.** 

The head resistance depends upon the exposed surface at right angles 
to motion : it is largely influenced by the shape of the leading portion 



Fi«. 361.— Air-resist anoG Curves for Motor Coach with various types of 
Vestibules: F, flat end; S, partially rounded (standard U.S.A.) ; 

Pf ]}arabolic ; parabolic wedge. Note. — F ull lines show the 

head resistance ; chain dotted lines show the suction resistance. The 
dotted curve is drawn through points c.aloulatcd from equations ; 
p -- 0 ()028F* and p = 0-()()3F*. 

of the train and the direction and vel*)city of the wind. With trains 
hauled by locomotives the largest portion of the head resistance is 
encountered by the locomotive, but with electric trains operated with 
motor coaches and trailers the whole of the head resistance is encounteijed 
by the loading coach. By suitably shaping the end of this coach, it is 
possible to obtain a considerable reduction in head resistance. 

The suction resistance is also affected by the shape of the end coach, 
but as the magnitude of this resistance is only about one-tenth of the 
head resistance, the shape of this portion of the train is not so important 
as that of the opposite (or loading) end. 

The manner in which air resistance is influenced by the contour of 
the front and rear portions of the train is shown by the curves of Fig. 351. 
These curves indicate the results obtained by the St. Louis Railway Test 

* Railroad Gazette, vol. 31, pp. 207, 262. Also a paper on Predetermination of 
Train Resistance,** by Prof. C. A. Carus Wilson {Mm, of Proc. I.C.E., vol. 171, 
p. 227). 
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Commission* on an experimental motor coach fitted with vestibulei^' of 
different forms, viz. (1) fiat ; (2) partially rounded (the standard typ^ on 
U.S. inter-urban cars) ; (3) parabolic ; (4) parabolic wedge, the relative 
shapes being shown in Fig. 352. 

The skin-resistance component of the air resistance depends on- the 
length of the train, the type of coaches, the nature of the external 
fittings, projections, etc. It is affected to some extent by side winds, 
but there is very little data available to indicate the effect of side winds 
or other conditions on the skin resistance. In the case of long trains, 
skin resistance becomes an important item in the air resistance and 



even for short trains it cannot be neglected, especially when the loading 
portion of the train is shaped to give the minimum head resistance. 

As the air resistance depends entirely on the external configuration 
of the train, lightly-built coaches — ^such as the rolling stock used for 
the suburban services of some steam railways — will have practically the 
same air resistance as coaches, of much heavier construction, which form 
the rolling stock on the main lines of our largo railways. 

Methods of determining train resistance. The methods of conducting 
train resistance tests with steam trains are : (1) by determining the 
draw-bar pull of the locomotive and the speed of the train undei con- 
ditions of uniform speed ; (2) by allowing the train to coast (without the 
locomotive), and obtaining an accurate record of the retardation.^ 

♦ Report of Electric Railway Teet Cotnmiaaion (St. Louis), p. 634. The car on 
which the air resistance tests were conducted had the following dimensions : Length 
over comer posts, 32 ft. ; width, 8 ft. 4 in. ; height from side sills to top of roof, 
9 ft. 6 in. ; projected area of each vestibule (at right angles to motion), 96 sq. ft. The 
car body was specially mounted on dynamometers, so that the total resistance and 
the head resistance could be measured directly. 

t The retardation can be dotermined directly by the Wimperis accelerometer 
(see p. 166), which is made with ranges suitable for train-resistance tests. 
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\ The first method requires a dynamometer car, and has the disad- 
vWage that only a portion of the head resistance is included in the 
dwamometer reading. This disadvantage is not apparent when con- 
siopring trains hauled by locomotives, as the largest portion of the head 
resistance is encountered by the locomotive, and would be included in 
the resistance of the locomotive. The train resistance is equal to the 
draw-bar pull, which, together with the speed, is recorded graphically. 
The records should, preferably, both be on the same chart. 

The second method has the drawback (which is associated with all 
coasting tests on trains) that the whole of the head resistance is encoun- 
tered by the leading coach, and therefore the retarding force on this 
coach is greater than that on the following eoaehes. Consequently 
there is a tendency for the coaches to crowd together, which produces 
greater oscillation and flange friction than when the couplings are tight. 
The train resistance is obtained from the retardation in the following 
manner — 

The force necessary to produce a retardation of 1 ml.p.h.p.s. on an 
effective weight of 1 ton is 102 lb. (p. 28). Hence, if is the retardation 
in ml.p.h.p.s., and W ^ is the effective weight of the train, the total 
retarding force will be 102^c^«lb » which will bo equal to the train 
resistance, provided that the train is on a level track. It is essential 
that the contour of the track bo accurately known, as an “ up ” gradient 
of 1 in 1000 corresponds to a retarding force of 2J lb. per ton of train 
weight. 

The effect of gradients can be eliminated by using an ergometer, by 
which instrument a record is obtained of the total work done against 
resistances other than gravity. The train resistance is then obtained by 
dividing the work done by the distance traversed. 

With electric trains the total train resistance can be determined by 
observing the voltage and current input to the motors when the train 
is running at uniform speed. The tractive effort and speed can then be 
deduced from tluj characteristicj curves of the motors: the tractive 
effort will correspond to the train resistance, provided that the train is 
on the level and is not being accelerated. 

With the usual motor equipment the free running speed of thfi train 
occurs on the steep portion of the speed curve of the motor, so that a 
small error in reading the current may result in a relatively large error 
in the speed. Moreover, as free running is approached very slowly with 
the full motor (equipment, a long stretch of level track would be required 
in order to eliminate the above sources of error. This objection can be 
overcome by using a train with a small motor equipment. Thus, with 
several motors controlled on the multiple-unit system, the train can be 
accelerated, by the whole equipment, to approximately the speed required, 
and then a number of motors may be cut out, so that the train may bo 
kept running at uniform speed. 

The coasting method of determining train resistance may also be 
used with electric trains. In this case, however, the total resistance to 
motion includes not only the train resistance, but also the friction in the 
motors and gears, which, in trains equipped with several motors, may 
amount to a considerable percentage of the total resistance. The effect 
of the revolving parts (armatures, gears, and wheels) must be taken into 
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account in deducing the train resistance from the observed retardation, 
as the stored energy in these parts may, in some cases, amount to over 
10 per cent of that for the whole train. 

Train resistance formulae. In view of the large number of variables 
involved in train resistance, it is not surprising to find a large number 
of formulae of varied forms to express the law of variation of train 
resistance with speed. These formulae, when applied to a given train, 
will be found to give widely divergent results. Hence train resistance 
formulae must be used with discrimination, as, although each formula 
may be correct for the conditions under which it was derived, the 
probability of similar conditions for the tests of different investigators 
is very remote. Such items as the typo of coach, the nature of the track, 
and the method of testing would be quite sufficient to cause large varia- 
tions in the results. 

In this country we are indebted to Sir John Aspinall for most of 
our data on train resistance. Aspinall’s tests'*' were made with main- 
line oil-lubricated bogie coaches on the Lancashire and Yorkshire Rail- 
way (now part of the London, Midland and Scottish Railway), the dyna- 
mometer car method being used. An attempt was made to use the 
coasting method, but the results obtained wore so erratic that they were 
discarded. A very large number of tests were made with a train composed 
of five bogie coaches and a dynamometer car. Tests we're also made with 
trains composed of 10, 15, and 20 coaches. The results of the tests are 
represented in Fig. 353, and the following law for the train resistance 
between speeds of 10 and 80 ml.p.h. was deduced by Aspinall ~ 

r == 2-5 I- F5/:V(51 4- 0*0278//) . . ... (33) 

where r is the specific train resistancef in lb. per ton of train weight, 
V is the speed in miles per hour, and L is the length of the train in feet. 

The train resistance at speeds below 10 ml.p.h. follows a different law. 
For instance, in the tests on the five coach train, the average resistance 
at starting was found to bo 17 lb. per ton, which rapidly decreased to 
about 3 lb. per ton at a speed of 5 ml.p.h., and then increased slowly 
with increasing speed. 

It should be noted that the above tests were made with coaches 
hauled by a steam locomotive, so that the formula only gives the head 
resistance for that part of the coach not shielded by the locomotive. 

Aspinall also made tests to determine the magnitude of the head 
resistance by measuring the air pressure on the exposed portion of the 
coach. The results obtained indicate that the air pressure p (expressed 
in lb. per square foot of exposed surface at right angles to the direction 
of motion) follows the law p = 0*003 where V is the speed in ml.p.h. 

♦ Papfir by Sir John Aspinall on “Train Resistance” (Min. of Proc. I.C.E.* 
vol. 147, p. 155). A collection of formulae is given on pp. 189-192. 

t The customary method of expressing train resistance is in W. per ton of train 
weighty which may be termed the “ six)cific train resistance.” 

For moderate spt'eds this method provides a suitable means for comparing the 
results of tests and for estimating purposes. But, for high speeds, where the air 
resistance is the principal component of the train resistance, the above method is no 
longer suitable, since it is liable to leeul to erroneous conclusions when applied to 
trains of different weights. 
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A similar result has been obtained in the Marienfelde-Zossen high speed 
teats, but in this case the coefficient was found to be 0*0028. 

The results of these air-pressure measurements are n^presented by 
the dotted curve in Fig. 351. In comparing this curve with that given 
for the flat vestibule, it should be noted that the latter was derived 
by measuring the total pressure on the vestibule, whereas in the above 
tests an indirect method was used. It is probable that the lower results 



Fia. 353. — Kosults of Aspinall’s Teats for Train Resistance. 


indicated by the St. Louis tests arc due to a falling-off of the pressure at 
the edges of the vestibule. 

General eQuations for train resistance. From a consideration of the 
separate components of train resistance, wo should expect the law of 
variation of resistance Avith speed to bo of the form — 

R^~a + bV cF2 

where R is the total train resistance in lb., V is the speed of the train in 
ml.p.h., and a, 6, c are constants related to the particular train and 
track. In this equation the first two terms represent the mechanical 
resistances and the last term represents the air resistance. 

(a) Locomotive-hauled trains. The author has examined the results of 
Aspinairs tests to ascertain if they conform to the law 

R^-a + bV + cV\ 

It was found that the curves closely approximated this law, and the 
following equations were obtained for the 5, 10, and 20 coach trains — 

5 coach train: R = 230 + 10*3 F + 0*322 F^ 

10 coach train: R = 402 + 20*6 F + 0*547 F* 

20 coach train: R = 800 f 35*2 F + 0*86 F^. 

As the last term in these equations represents the air resistance, we 
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can, by estimating the head and suction resistances, arrive at an 
approximate value for the skin resistance. Moreover, this value may 
be checked by determining the difference in the air resistances for trains 
of different lengths. Treating the tests on the 6 coach and 10 coach 
trains in this manner, wo obtain, for the skin resistance, an average value 
of 0-000035 lb. per square foot of longitudinal exposed surface. 

For coaches with elliptical roofs, of the usual proportions on the 
main line railways of this country, the longitudinal exposed surface (S) 
per coach is given approximately by 

S (square feet) = 0-352/ .4 

where L is the length of the coach in feet and A is the transverse cross- 
section of the coach body in square feet. 

Hence, if the head resistance is taken at 0*0028 lb. per square foot 
of transverse exposed surface, the coefficient c in the general equation for 
train resistance becomes 

c = 0-0028*^ A + 0 0000122n2: A 
= ^(0-0028ifcA + 0*0000122w2/) . . . (34) 

wheni is a coefficient to include the effect of the shape of the end of the 
coach (see below), A* is the ratio exposed transverse surface/cross-section 
of coach body, n is the number of coaches in the train, L is the length of 
each coach in feet, and A is the transverse cross-section of the coach body 
in square feet. The following values, based on the curves of Fig. 351, may 
bo taken for k. 


Type (if End of Coach (eee Fuj, 352) k 

Flat 1*0 

Partially rounded (Standard U.S. inter-urban cars). 0 05 
Parabolic ........ 0*3 

Parabolic wedge . . . . . .0*28 


A general expression for the total mechanical resistances can be 
obtained from the above equations for the resistances of 5, 10, and 20 
coach trains. Thus the total mechanical resistances (in lb.) for a train 
of W tons = W\ 1-8 + F(0-185 - 0 039:i log If)} . 

Hence, for trains consisting of trailer bogie coaches (main-line stock, 
with oil-lubricated journal boxes) running on good track, the train 
resistance may be estimated from the general formulae — f 

2?---= W\ 1-8+ F(0-185 - 0*0393 \ogW)\+A V^(0m2%hX \ 0-QOO0l22nL) (35) 

r==l*8+F(0*185~0*03931ogIF)+AF2(0*0028A:A+0*0000122n2/)/lF (36) 

R being the total resistance in lb., and r the specific train resistance in 
lb. per ton of train weight. 

This formula is not suitable for electric motor-coach trains, as the 
resistance of these trains is considerably higher than that of trains 
operated with locomotives. J 

♦ This term is introduced to includo the shielding effect of the locomotive. For 
motor-coach trains A =- 1*0. 

f All formulae for train resistance refer to still -air conditions. In gusty weather 
the resistance will be greater, due to the increased air resistance. 

% The resistance of locomotive -hauled trains under steam railway conditions is 
discussed at length in a series of articles, entitled The Resistance of Express 
Trains,’* by C. W. Dendy Marshall, in the Railway Engineer, Jan. -Nov., 1924. 
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(6) Motor-coach trains, Tho increased resistance of motor-coach trains 
is manifested by the greater wear which these trains produce on the 
track rails,* and may be accounted for by (a) the heavy weight of bogie 
trucks with motors, (b) the unspring-borno weight on the axles of the 
motor trucks, (c) the low centre of gravity of the motor coaches, (d) tho 
small diameter of the driving wheels. These conditions are not conducive 
to good riding qualities, and, in consequence, a large amount of flange 
friction and nosing ” (lateral oscillation) takes place, while the track 
is subjected to direct blows of considerably greater magnitude than those 
which occur with locomotive hauled trains of trailer coaches. 

As far as the author is aware, no tests have been made for the deter- 
mination of tho magnitude of those increased resistances. Tests have 
been made, however, on motor-coach trains, | but in all cases the coasting 
method has been adopted. 

Now it is extremely important to remember that, for electric trains 
consisting of motor coaches and trailers, there are two train resistances 
to be considered, viz. (1) the true train resistance when the power is 
“ on ** ; (2) the apparent train resistance when the power is “ off ” and 
the train is coasting. In the latter case the motors are being driven by 
the train, and, in addition to the true train resistance, there is the friction 
losses in the motor-axle bearings, gears, armature bearings, brushes, and 
the windage loss in the motors. These losses are all attributed to the 
motors when the power is “ on (the characteristic curves of the motors 
being calculated for the output at the tread of driving wheels), and 
it would be impracticable to do otherwise, as the loss in the gearing will 
necessarily depend upon the power being transmitted. 

The additional retarding force duo to motor and g(iar friction depends 
upon the size and type of motor, the number of motors per train, the gear 
ratio, and the diameter of the driving wheels. In the case of trains 
operating on urban railways, wIktc the motors are geared for a low 
free-running speed, the motor and gear friction may be of the order 
of from 4 to 5 lb. per ton of train weight. For suburban trains, operating 
at higher speeds, the motor and gear friction, at free-running speed, 
may be of the order of from 2 to 3 lb. per ton. 

In order to derive a formula for the resistance of motor -coach trains, 
tho author has analysed the curves which have been published^ for the 
electric trains on the Liverpool-Southport section of the London, Midland 
and Scottish Railway. Corrections have been applied for motor and gear 
friction and the effect of head winds. The corrected curve for the resis- 
tance of a two-coach train (consisting of one motor coach and one trailer 
coach) is plotted in Fig. 354, and follows the law 

r = 4 1 + 0055F + 00045P, 

where r is the specific train resistance in lb. per ton of train weight, and 
V is the speed in ml.p.h. 

♦ See Min. of Proc. I.C.E., vol. 179, pp. 99, 143 ; vol. 197, p. 79. Proc. I.M.E, 
(1909), p. 438. 

t See Sir John Aspinairs Presidjntial Address to The Institution of Mechanical 
Engineers (Proceedings, 1909, p. 473). Also Joum. I.E.E., vol. 50, p. 453 ; vol. 52, 
p. 446. Min. of Proc. I.C.E., vol. 186, p. 46, 

t See Proc. I.M.E. (1909), p. 473 ; Journ. I.E.E., vol. 52, p. 446. Tho author 
is indebted to Lt.-Col. 0*Brien for data of the latter tests. 
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Now a general formula for the resistance of motor-coach trains 
should discriminate between trains made up of motor coaches only and 
those made up of motor coaches and trailers. At the present time, 
however, there is not sufficient data available to enable this distinction 
to be made. Moreover, on some lines it is the general practice to operate 
one motor coach with one or two trailer coaches as a “ train unit,” the 
train being composed of one or more “ train units.” 

A general equation, derived from Kg. 354, however, will enable the 
train resistance of motor-coach trains to be estimated with sufficient 
accuracy, especially since the use of this class of train is restricted to 



Fig. 354. — Corrected Curve for tlie Hesistanco of a 
Two -coach Electric Train. 

urban and suburban services, in which the free-running period (if any) 
is only a small fraction of the total running period. 

The general equation* derived from Kg. 352 follows the law 

R = 1^(41 + 0 055F) + A K2(0 0028A; + 0'0000122^L) . (37) 

or r = 4-1 + 0-0557 |- A 72(0-0028* + 0-0000122nL)/17 . . (38) 

where the symbols have the same significance as in previous equations. 

Electric locomotive and train {American coaches). An extended investi- 
gation on this subject has been carried out by Dr. F. W. Carter,t using 
the results obtained during the 50,000 mile endurance tests on the 
original New York Central gearless locomotives built by the General 
Electric Co., Schenectady. Some hundreds of runs were made with trains 
composed of different numbers of coaches, of the standard American 
saloon type — ^some of the trains consisting of four-wheel bogie coaches 
(55 ft. long overall, 47 ft. 6 in. over body, 9 ft. 11 J in. width, 13 ft. in. 
overall height, 36 in. wheels, loaded to 26-2 tons), and others consisting 
of six-wheel bogie coaches (66 ft. long overall, 60 ft. 2 in. over body, 

* In these equations the value of k should be chosen from 15 per cent to 20 per 
cent higher than the values given on p. 498 to allow for the increased air resistance 
caused by the motors. 

t Min, of Proc, vol. 201, p. 243. 
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9ft. 11 Jin. in width, 13 ft. 8Jin. overall height, 36 in. wheels, loaded to 
45*3 tons). 

The investigation showed that the resistance of the locomotive and 
train at a given speed was a function of the number of coaches, the 
relationship between total tractive resistance at a given speed and 
number of coaches following a straight line law for trains consisting of 
two or more coaches. Moreover, the relationship between the resistance 
for each coach added to the train and the speed was also found to bo a 
straight line. Thus if n is the number of coaches in the train, the tractive 
resistance in lb. due to those coaches is given by n(100 + 5-22 F) for the 



355. Kesistance of 2-6-2 Electric Locoinotivo and 
Train in the Simplon Tunnel. 

A. Without forjM'd ventilutioii ill tunnel. 

Ji. ( With fon (‘<1 / Motion of train opiKwite to dircctiuii of 
•< ventilation l ventilatiiiK air. 

C. ( in tunnel # Motion of train in same direction as 
V vcntilatini? air. 

66 ft., 6- wheel, bogie coaches, and w(84 + 4-28 F) for the 55 ft., 4- wheel, 
bogie coaches. 

Train resistance in tunnels. The resistance of trains in tunnels is 
naturally higher than that of trains in the open on account of the 
increased air resistance. The effect of forced ventilation (such as is 
required in very long tunnels) will also have a considerable influtjnco 
on the train resistance. In this connection the curves of Fig. 355* 
(which refer to the conditions obtaining in the Simplon Tunnel) are of 
interest. These curves give the resistance of a train and locomotive 
when running through the tunnel under different conditifins of ventila- 
tion. The electric locomotive was of the 2-6-2 gearless type with scotch- 
yoke drive ; its weight was 62 tons, and the transverse cross-section 
102 sq. ft. The cross-section of the tunnel was 253 sq. ft. The train 
(including the locomotive) weighed 327 tons and was 666 ft. long. 

In tube railways* where the clearance between the train and the tube 
is very small, the train resistance will be considerably affected by the in- 
creased air resistance, Vv'hich in this case is practically all head resistance. 

* From a paper by E. Thomann on “The New Electric Locomotives for the 
Simplon Tunnel.” See Oenie Civil, July, 1909. 
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From tests carried out on the Central London Railway, the specific 
train resistance was found to follow the law r = 6 + 0-6 F*/ If.* At a 
speed of 20 ml.p.h., the resistance of a 130 ton train (with seven cars) is 
7*5 lb. per ton, while, in the open, the resistance at this speed — calculated 
from Aspinall’s formula — is only 4*8 lb. per ton. 

Train resistance at curved track. This is greater than the resistance 
on straight track, duo to greater flange friction, etc. The additional 
resistance will depend upon the radius of the curve, the wheel-base of 
the trucks, and the end play between th(5 wheel flanges and the rails. 
Very little data is available on the resistance at curved track,f which is 
probably due to the fact that to obtain accurate results a long stretch 
of track of uniform curvature is requin^d. 

A method adopted by American engineers for estimating the addi- 
tional resistance at curves is to consider that each degree^ of curvature 
increases the train resistance 0*6 lb. per ton (2000 lb.) of train weight. 
In this country curves are usually expressed in terms of the radius (i?), 
and if this is given in feet the additional train resistance will be 

0-6 X (2240/2000) X 2 siiri(50/i?) -= 1-35 sin-i(50/i?) lb. per ton. 

Tractive resistance of tramcars and railless cars. The preceding 
formulae all refer to the resistance of trains operating on railways 
where the track can be maintained in good condition. The resistance 
of tramcars operating through streets will be much higher than that 
of railway trains, on account of the different condition of the track and 
of differences in the construction of the cars and trucks. 

The nature of the service on tramways and the low operating speeds, 
however, do not warrant an accurate estimation of the resistances to 

♦ Proc. (1912), jj. 940. Mr. W. Caason (in a discussion on “ Tlie Dynamical 

Diagrams of a Train ”) states : “ To show tlio effect of the increased air resistance 
in the tunnel ... a single motor-car took just half the current and ran at the same 
speed as a train of seven cars, of which two were motor-cars, the speed being 
27 ml.p.h. in each case. At this speed the tractive effort for the single car was 
1000 lb., and that for the seven-car train was 2000 lb. 

“ From the Aspinall formula (33), the resistances of the car and the train would 
be, respectively, 7-2 and 6-65 lb. per ton, giving totals of 166 and 770 lb. There 
was, therefore, an additional total resistance, duo to running in the tube, which was 
obviously indjpcndmt of the weight of the train. . . . This additional resistance 
amounted to 8341b. for the single car and 1230 lb. for the train.” 

[Authx>r'8 Note . — From tliose values we obtain 7681b. for the head and suction 
resistances, 661b. for the skin friction of the single car, and 4621b. for the skin 
friction of the seven-car train.] 

” It was interesting to note that 768 lb. was about 8-5 lb. per square foot of 
cross-sectional area of the train. A water-gauge showed 1*5 in. difference of level 
between the back and front of the train, corresponding to 7*8 lb. per square foot.” 

t Some test results obtained on the City and South London Railway are given 
by Mr. McMahon in the Min. oj Proc. I.C.E., vol. 147, p. 215. The tests refer to a 
tube railway ^ith a very light train and small wheels. The results indicate that a 
large increase in the train I'csistanco occurs at a sharp curves ; for instance, on a 
curve of 540 ft. radius the resistance at a speed of 13-5 ml.p.h. was found to be 
22*6 lb. per ton, while the resistance at this speed on straight track was only 11*3 lb. 
per ton. The additional resistance at the curve corresponds to 1*06 lb. per 1^ of 
curvature. 

{ In this system curvature is given by the angle (in degrees) which a chord 
100 ft. long subtends at the centre of curvature, ilence if 6 is the curvature in 
degrees and R is the radius of the curve in feet, then sin ^6 = 50//?, or 6 => 2 sin*^60/i?. 
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motion, and an average value of 251b. per ton may be assumed for 
general conditions.* 

With railless cars the resistance will be affected largely by the nature 
of the road surface and the class of tyros. On account of these indefinite 
conditions the values obtained for the resistance of motor vehicles can 



Fio. 35(5. -Kesistanco of ** Now York Ontral ” Typo of (xcarless 
Locomotivo (with Bipolar Direct-current Motors). 


only bo considered as a rough approximation to the average resistance. 
Careful l(\sts-|‘ on a commercial electric (battery) vehicle with solid rubber 
tyres and a baek-axle drive have shown that on asphalt, macadam, and 



Fig. 357. Resistance of 61 -ton, 2-6-2 Clearless Locomotivo with 
Side-rod (Scotch-yoke) Driv’o. 

wood paving in good and dry condition the tractive resistance is between 
20 and 30 lb. per ton at a speed of 12 ml.p.h. With the surface in poor 
condition, the resistance may be of the order of 50 lb. per ton. 

Tractive resistance of electric locomotives. An approximation to the 
tractive resistance of a locomotive can only be made when tests on a 


* Min. of Proc. LC.E., vol. 198, p. 24. 

t Trans. A.I.E.E., vol. 35, p. 925 (Tests on J-ton Electric Delivery Van). 
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locomotive of a similar type are available, as, on account of the variety 
of designs, it is impossible to derive formulae suitable for general applica- 
tion. Moreover, the resistance of a locomotive running light is of interest 
only for comparative purposes, as when a locomotive is coupled to a 
train the resistance attributable to the locomotive is not the same as 
that when running light.* 

The curves in Figs. 356, 357, which give the resistances of two different 
types of locomotiv(‘s, are of interest for comparative purposes. Fig. 356 
refers to a gearless locomotive equipped with bipolar direct-current 
motors, and having four driving and two pony axhis. The weight of the 
locomotive was about 90 tons, the load on each driving axle was 16-7 tons, 
and the dead weight on each driving axle was 5J tons. The body was of 
the box type, being 34 ft. long, 10 ft. wide ; and the roof was 13 ft. & in. 
above the rails. The driving wheels were 44 in. in diameter, and the rigid 
wheel base was 13 ft. 

Fig. 357 refers to a gearless locomotive with scotch-yoke drive."!* In 
this case the (two) motors were frame -mounted and were directly coupled 
to the central pair of driving wheels by scotch yokes, to which the other 
driving wheels were coupled by side rods. The weight of the locomotive 
was 61 tcais, of which 41 tons were carried on the three driving axles and 
the remaining 20 tons on y)ony axles. The driving wheels were 59 in. in 
diameter and the coupled wheel base was 15 ft. 5 in. The body was 
construettd with a central cab and sloping ends ; the dimensions of the 
body being: overall length, 31 ft. 4 in. ; length of central cab, 20ft. ; 
width of central cab, 9 ft. 4 in. ; height of roof above rails, 12 ft. ; width 
of sloping ends, 7 ft. 4 in. ; heights of sloping ends above rails, 7 ft. 1 in. 
(min.), 8 ft. 2 in. (max.). 

* Min. of Proc, l.V.K,. vol. 201, p. 243. 

t From a paper by F. Koromzay on “ The Now Electric Locomotives of the 
Valtellina Railway ” (Revue Genemle des Chemins de Jv)\ March. 1905). 
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THE CALCULATION OF SPEED-TIME CURVES AND ENERGY 
CONSUMPTION FOR ELECTRIC TRAINS 

Part 1 — Speed-Time Curves 

The importance of the speed-time curve in electric railway engineering 
has been considered in Chapter II. Although the simplified speed-time 
curve discussed in that chapter is convenient for preliminary calculations, 
it dbos not correspond to the actual operating conditions. Moreover, an 
accurate speed-time curve is required for energy calculations. 

The calculations for the speed-time curve and the energy consumption 
are usually carried through together, since certain quantities — e.g. the 
current and the time — are common to both calculations. However, to 
simplify matters, we shall at present consider only the calculation of 
speed-time curves. 

For the calculation of the speed-time curve we require — 

(1) Complete information of the train service. 

(2) A survey of the route, showing the gradients, curves, stations, etc. 

(3) Sufficient particulars of the rolling stock and electrical equipment 
to enable the train resistance to be estimated and the effective weight 
to be computed. 

(4) The characteristic curves of the motors. 

The method of calculating the speed-time curve involves only the 
application of eh^mentary mechanics, the (jhief feature of the method 
being the adoption of the speed as the independent variable. The time 
intervals corresponding to certain increments of the speed are therefore 
obtained indirectly from the acceleration. The process is essentially a 
point-to-point one, and the accuracy of any point is governed by the 
accuracy with which the preceding points have been obtained. 

The method ol procedure is best illustrated by working through an 
example. 

Thus, consider that a service of motor-coach trains has to be run at 
a schedule speed of 16 ml.p.h. over a straight and level track for which 
the average distance between the stations is 2560 ft.* ** There is a stop 
of 20 seconds at each station. 

The trains are composed of two motor coaches, weighing 42*5 tons 
each (without passengers), and four trailer coaches, weighing 22-5 tons 
each (without passengers), the total seating capacity of a six-coach train 
being 324. Each coach body has a length of 52 ft., a maximum width 
of 8 ft. 9 in., and a transverse cross-section of 87-5 sq. ft. The height 
of the bottom of the side sills above the rails is 2 ft. 11 in. Each coach 
is mounted on two four-wheel bogie trucks with 36 in. wheels, and each 
truck of the motor coaches is equipped with two 600- volt direct-current 
geared motors, the armatures of which are 18 in. in diameter and weigh 

* This distance corresponds to the average distance between stations on tlie 

** Inner Circle ” portion of the Metropolitan District Bailway, London. 
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15001b. The gear ratio is 3-5: 1, and the characteristics of the motors, 
calculated for this gear ratio, 36-in. wheels, and normal voltage are — 


Amperes 

50 

75 

100 

150 

200 

225 

Speed (ml.p.h.) 

30 

26-8 

22-7 

19-5 

17-5 

16-8 

Tractive effort (lb.) 

300 

700 

1120 

2050 

3000 

3500 

Efficiency (per cent) 

70 

83 

86-6 

88-2 

87-9 

87-5 


The mean current input to each motor during rheostatic acceleration 
is 225 amperes, and tlio average rate of braking is 2 ml.p.h.p.s. 

The preliminary calculations which have to bo made before the actual 
calculation of the speed-time curve can be commenced are (1) the effective 
weight of the train, (2) the train resistances when running with power 
and coasting, (3) the accelerating tractive effort at various speeds. 

The effective weight of the train is calculated by the aid of equation 
(8) ; the loaded weight of the train (including the 324 passengers) being 
(?stimated at 195 tons ; and the weight of each wheel being assumed 
at 900 lb. Thus 

900 1500 / 9 \ 2 

W, - 195 + 1-2 X 24 X 2240 + X ^ ^ 2240 ^ ( 18 ) 

-- 214-6 tons. 

The train resistance is calculated from equation (38). In the present 
case the transverse cross-section of the coaches is 78-5 sq. ft., and the 
motors increase this by about 11-5 sq.ft. Allowing for the chamfered 
ends of th(j coaches, the coefficient k in equation (34) may be taken at 
(0-9(78-5 + ll-5)/78-5 =) 1-05. 

Hence the specific train resistance is given by the equation 

r 4-1 + 0-055F + 78-5P(0-0028 x 105 + 0-0000122 x 6 x 52)/195 

= 4-1 + 0-055 F + 0-00272 F2 

the evaluation of which gives the following values for train resistance — 
Speed, rnl.p.li. (F) . 10 15 20 25 30 35 

Specific train I'esistiince, 

lb. per ton (r) . . 4-92 5-53 0-3 7-2 8-2 9-34 

The apparent train resistance during coasting will be greater than 
the above values, on account of the motor friction and gear losses. For 
the class of equipment under consideration the following values are 
representative of the friction and gear losses per motor — 

Armature speed, r.p.m. . . 250 500 750 1000 1160 

Friction and gear loss, kW. . 1-3 3 0 5 1 7-4 8-0 

Rearranging these values to correspond to the retarding force per 
motor, we obtain* — 

Speed of train (rnl.p.h.). 10 15 20 25 30 35 

Retarding force per motor 

(lb.) . . . 87-5 98 107 114 121 126-5 

* The method of converting the loss into retarding force is as follows : With 
a gear ratio of 3-5 : 1 and 36-in. wheels, the relation botwoon the armature speed 
(r.p.m.) and the train speed (ml.p.li.) is — 

ml.p.h. - (r.p.in./3-5) X (60/5280) X 3tz - r.p.m./32-65 
Hence the retarding force (in lb.) corresponding to the gear and friction losses (in 
kW.) at this speed 

= (kW/ml.p.h.) X [33000 X 60/(0-746 X 6280)] = 503 kW./ml.p.h. 

16440 kW./r.p.m. 
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Hence the apparent train resistance during coasting is obtained by 
adding this additional retarding force to the true train resistance. The 
steps in the process are shown below — 


Speed of train (ml.p.h.). 

10 

15 

20 

25 

30 

35 

Specific train resistance (r-lb. per ton) 

4-92 

6-53 

0-3 

7*2 

8*2 

9*34 

Total train resistance (196r-lb.) 

900 

1070 

1230 

1405 

1600 

1820 

Retarding force due to 8 motors (lb.) 

700 

784 

805 

911 

967 

1010 

Total retarding force (lb.) 

1600 

1854 

2095 

2310 

2507 

2830 

Apparent train resistance (lb. per 
ton) or retarding force per ton (lb.) 

8-5 

9-5 

10*75 

11*88 

13*15 

14*5 


The train resistance and the apparent train resistance during coasting 
are plotted in Fig. 368. 



Fig. 35S. Train Resistance and apparent Train R(*sistance 
of Six-eoacti. 19.5-ton F.Iectrie Train. 


The tractive effort available for acceleration at various speeds is 
readily obtained from the characteristic curves of the motor by deducting 
the train resistance from the speed tractive-effort curve. Instead of 
deducting the total train resistance from the total tractive effort of the 
eight motors, we deduct one-eighth of the total train resistance from 
the tractive effort of one motor, and thus obtain the accelerating force 
per motor, as shown in Fig. 359. By considering this force to act upon 
one-eighth of the mass of the train, we obtain the same conditions as if 
the total accelerating force of the eight motors acted upon the whole 
mass of the train. 

We have now all the data necessary for the calculation of the speed- 
time curve. 

T. Period of initial acceleration. During this period the starting 
resistance is cut out to maintain the average accelerating current at 
226 amperes per motor. When all resistance has been cut out in the 
parallel combination of the motors, the speed of the train (assuming 
normal voltage) will be 16*8ml.p.h. The mean train resistance during 
this period should not be taken from the above values on account of 
the rapidly varying speed. An average value of 81b. per ton will, 
therefore, be assumed. 
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Henco the average tractive effort available for acceleration — 

= 3500 - i X 195 X 8 = 3500 - 195 = 3305 lb. 

(Note. — 3500 is the tractive effort corresponding to a current of 
225 amperes.) 

Therefore, mean acceleration — 3305/(i X 214-G X 102) 

— 1-21 ml.p.h.p.s. 

Duration of accelerating period — 16-8/1-21 “ 13-9 seconds. 

Distance run during this period — J X 16‘8 X 13-9 X 5280/3600 

= I X 16-8 X 13-9 X 1-467 = 170 ft. 

11. Period ol speed-curve running. A series of increments of speed 
are selected and the mean acceleration for each interval is calculated, 
after which the time and distance arc readily*obtained. 



Fig. S69. Curve connecting Sywed aiui 
Accelerating Tractive Effort per Motor 
for Six-coach Train. 


Thus, consider the increment from 16’8ml.p.h. to lOml.p.h. The 
mean accelerating tractive effort (from Fig. 359) 


and the mean acceleration 

Time increment 
Total time from start 
Distance run during interval 

Total distance from start 


- J(3305 + 2090) = 2697 lb., 

_ 2697/(26-8 x 102) = 2697/2735 

- 0-987 ml.p.h.p.s. 

= (19 - 16-8)/0-987 = 2-23 seconds 
= 13-9 + 2-23 = 16-13 seconds 

- i(16-8 + 19) X 2-23 X 5280/3600 
-- 17-9 X 2-23 X 1-467 = 58-6 ft. 

= 171 + 58-6 = 229-6 ft. 


This process is repeated until the free-running speed (38-5 ml.p.h ) 
is reached, which speed is obtained directly from Fig. 359. 

The results of these calculations are given in Table XIII. 
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TABLE XIII 

Calculation of Speed-time Curve from Start to Free Running 
FOR Run on Level Track. 


! 

GQ 

Net Tractive- 
Effort. 

Speed 

Increment. 

Mean Accelera- 
ting Tractive- 
Edort. 

Mean 

Acceleration 

1 

1 

Time 

Increment. 

Time from 
Start. 

Mean Speed. 

Distance 

Increment. 

i 

Total 

Distance. 

ml.p.h. 

0 

lb. 

3305 

ml.p.h. 

lb. 

lul p.li.p.s. 

sec. 

sec. 

0 

ml.p.h. 

ft. 

ft. 

0 

••• 

16-8 

3305 

16-8 

3305 

1-21 

13-9 

13*9 

8-4 

171 

*1*71 

19 

2600 

2-2 

2697 

0-987 

2-23 

16*13 

17-9 

58-6 

230 

2 V 

1370 

20 

1730 

0-633 

3-16 

19-29 

20 

92-7 

3*22 

22-5 

1050 

1*5 

1210 

0-433 

3-39 

22-68 

21-75 

108-1 

*4*30 

25 ’ 

7io 

2-5 

880 

0-322 

7-76 

30*44 

23-75 

270 

*7*00 

2*7-6 

490 

2*5 

600 

0-219 

11-38 

41-82 

26-25 

438 

1*1*38 

30 

330 

2-5 

410 

0-15 

16-66 

58-5 

28 75 

702 

1*8*40 

36 

io5 

6 

218 

0-08 

62-8 

121*3 

32-6 

2990 

48*30 

3*8*6 

6 

3-5 

52-5 

0-0192 

182-2 

303-5 

36-75 

9810 

14*6*40 


In the case of short runs, however, we seldom reach free -running 
speed. It is advisable, th('reforc, to plot the spe(*d-time* and distance- 
time curves afi(^r a few points have been calculated. 

Now, for a schedule speed of lOnil.p.h., the running time for a 
distance, of 2560 ft. is (2560 x 3600/(5280 X 16) - 20 =) 89 seconds. 

The accelerating and braking portions of the speed-time curve can 
now be drawn, and are represented in Fig. 360 by O A and D E respec- 
tively, OD representing the running time — 89 seconds. DE, of course, 
makes an angle of (- tan" ^ 2) with the time axis. 

The points at which the power must be cut off and the brakes applied 
must now be determined. We know that the area of the speed-time 
diagram must represent the distance travelled during the running time — 
in the present case 2560 ft. Hence the coasting line BC (Fig. 360) must 
be drawn so that the area OBCD represents 2560 ft., and the inclination 
of BC to the time axis must correspond to the mean retardation during 
the coasting period. This process involves trial and error, but with some 
experience the correct position can usually bo obtained on either the 
first or the second trial. 

For instance, suppose we cut off power at 35 seconds when the speed 
is 26*1 ml.p.h. The distance travelled is then 875 ft., so that the train 
must coast for a certain period before the brakes are applied. To obtain 
the duration of the coasting period, a value must be assumed for the 
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average speed during the coasting period, in order that an appropriate 
value for the train resistance may be obtained. In the present case the 
average speed will be assumed as 24 ml.p.h., which corresponds to an 
apparent train resistance of 11-6 lb. per ton.* 

Hence the retardation = 11-6 X 24*35/(102 x 26*8) = 0*103 ml.p.h.p.s. 
The coasting line BC (Fig. 360) is now drawn on the curve-sheet, and the 
intersection of this line with the braking line gives us the point at which 
the brakes must be apphed.f This point is found to be at 78*2 seconds, 
when the speed is 21*6 ml.p.h. Before proceeding further it is necessary 



* TIm? mnan train nNsistanoe during coasting is sligljtly greater than the train 
resistance at tlie mean coasting spend, but tlio conditions of operation and other 
variable features do not warrant a closer estimation than tliat given above. 

t 'Tho point of application of the brakes may be ascertained analytically by 
obtainiT)g the co-ordinates of the point of intc*rsection of tlie coasting and braking 
lines. Thus tho equations of the coasling and braking lines are, respectively, 
given by 

V' = (39) 

ard V" - (40) 


where V\ V'\ denote tlie speeds at times t" rospc*ctively ; p denote tho 
respective retardations during coasting ard braking; Ui and (J 2 denote the 
hypothetical speeds at zero time (i.c. the intercepts on the vertical axis). If 
V"", t'" denote the co-ordinates of tho point of intersection of the coasting and 
braking lines, then V'" - - P^,t'" - PV" ; 

whence t'" “ “ ^c) ..... (41) 

Y’" is, of course, obtained by substitution. 

Applying this method to tho above exanq)lo we obtain tho values ol Ui and l/g 
by substituting known values for V\ V", t\ t". Thus, at tho point of cut-off, 
V' = 26-1, i' ~ 35; while at the end of the braking X)eriod = 0, i" — 89. 
Hence, adopting t-lio above value for the retardation during coasting, wo obtain 
t/i - 26- 1 -f 0 i()3 X 35 -- 29-7 ; f/g -= 0 -f 2 X 89 --- 178. Therefore 
t'" ^ (178 -29*7)/(2- 0*103) 78-2 sec., while V'’' -- 178-2 X 78-2 = 21*6 ml.p.h. 
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to check our assumption of the average speed for the coasting period. 
This is (26*1 + 21*6) = j 23*85 ml.p.h., so that the value obtained 
above for the retardation will be substantially correct. 

If the area of the diagram OB CD be determined by a planimeter, it 
will be found to represent 2555 ft., which is sufficiently near the actual 
distance (2560 ft.) of the run to justify the correctness of our trial. 

The alternative method of ascertaining whether or not the point 
of cut-off has been chosen correctly is to determine the distances by 
calculation, as follows — 

The time of the coasting period = 78*2 - 35 = 43*2 seconds 

and the time of the braking period = 89 - 78*2 == 10*8 seconds. 

Hence the distance run during coasting = 23*85 X 43*2 x 1*467 =1510 ft. 
and the distance run during braking = J X 21*6 x 10*8 x 1*467 

= 170 ft. 

The total distance run is, therefore, 875 + 1510 + 170 = 2555 ft. 



The complete speed-time curve, together with the distance- time curve, 
is shown in Fig. 360. 

Effect of gradients and curves. In practice we are not generally 
favoured with ideal track conditions — ^as assumed in the above example — 
but we have curves and gradients of varying amounts. When considering 
the electrification of a particular railway, the energy consumption must 
be calculated for each section of the route before an accurate value of 
the average energy consumption over the whole route can be obtained. 
Hence it will be necessary to determine the speed-time curves for the 
actual track conditions, and if there are numerous gradients and curves 
the calculation by the above method will usually consume much time 
and patience. The effect of the gradients and curves on the train resistance 
can readily be allowed for, but the time of running on the various gradients 
and curves must be determined by trial. An example — ^representing 
typical conditions on a suburban railway — will best illustrate the method 
of procedure. 

Suppose the above 195-ton motor-coach train has to operate over a ; 
section 4800 ft. long at a schedule speed of 20 ml.p.h., with a stop of .y^ 
20 seconds at the station. The profile of the section is shown in Fig. 361, " 
and the speed-time curve will be calculated for the direction of running 
indicated by the arrow. The mean accelerating current is 225 amperes 
(as above), and the average rate of braking on level track is 2*0 ml.p.h.p.s. 

From an inspection of Fig. 361 it will be apparent that the brakes 
must be applied when the train is on the falling gradient of 1 in 170. This 
gradient is equivalent to an accelerating force of (22*4 X 100/170 =)13*2 
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lb. per toil of train weight. Hence the actual retardation during braking 
will equal (2- 13-2/(M x 102) =) 1-88 ml.p.h.p.s. 

(Note. — 1*1 is the ratio of the effective weight of the train (214*6 tons) 
to the dead weight (195 tons).) 

The falling gradient of 1 in 133, on which the train is started, is equiva- 
lent to an accelerating force of (22*4 x 100/133 =) 16*8 lb. per ton of 
train weight, or (16-8 X J X 195 = 16*8 X 24*35 =) 4101b. per motor. 

Hence during the initial acceleration (up to a speed of 16*8 ml.p.h.) the 
mean accelerating tractive effort per motor — on the assumption of 8 lb. 
per ton for the average train resistance— is (3500 - 8 x 24*35 + 410 =) 
3715 lb. 

Therefore the mean acceleration = 3715/(102 x 26*8) = 3715/2735 

= 1*36 ml.p.h.p.s. 

Duration of the period of initial acceleration 

= 16*8/1*36 — 12*35 seconds. 
Distance run during this period = 4 X 16*8 x 12*35 X 1*467 

♦ = 152*2 ft. 

We now eoniinuo the calculation in the same manner (but allow for 
the effect of the gradient) as in the above example, until a distance of 



Fio. 302. — Spood-tiine Curve for Motor-eoach Train operating on Track with 
Curves and Cradients (4800 ft. run at 20 ml.p.h. schedule speed). 

1200 ft. has been run. The results of the calculations are given in Table 
XIV, and it is only necessary to remark that the last increment of speed 
(for this period) must be obtained by trial. 

We have next 600 ft. of level, but curved, track. For the first 420 ft. 
there is a curve of 62 chains radius (— 2 8in‘’50/(62 X 66) = 1*4 degrees), 
and for the remainder of the distance there is a curve of 50 chains radius 
(= 2 sin"^50/(50 X 66) = 1*73 degrees). These curves increase the train 
resistance by 1*0 and 1*2 lb. per ton respectively, or an increase in 
resistance of 24 and 29 lb. respectively per motor. 

The accelerating tractive effort is therefore obtained by deducting 
these values from the appropriate values given in Fig. 359. 
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A few trials will probably be necessary before the correc^t distances 
are obtained. 

Next we have to negotiate the rising radicnt of 1 in 1 20. This gradient 
is equivalent to a retarding force of (22-4 x 100/120 =) 18*7 lb. per ton, 
or (18-7 X 24-35 — ) 455 lb. per motor. Hence the mean accelerating (or 
retarding) tractive effort is obtained by deducting this fore(' — due to the 
gradient — ^from the appropriate values given in Fig. 359. Thus, eonsidt'r 
the speed decrement 31-43 to 29-5 ml.p.h. The mean accelerating force 
on level track, obtained from Fig. 359, is | J(250 + 360) | 305 Jb. 

Hence the net retarding force == 455 - 305 = 150 lb. Th(^ retaidation is 
therefore (150/2735 =) 0-055 ml. p.h.p.s. ; whence th(' lime Jind distance 
follow in the usual manner. 

Before making further calculations the sj>eed-tinie and distance-time 
curves should be plotted for the purpose of making trials to determine 
the point of cut-off. 

The results of the calculations for the speed-time and distance-tim^ 
curves up to 89 seconds (i.e. until the second stretch of level track is 
reached) are given in Table XIV. 


TABLE XTV 

(J.ALCULATION OK SpEKO-TIME CuRVE FOR liflN ON 'IrAOK WITJI 
Gradients and Curves 


Speed. 

Net Tractive- 
effort on level and 
straight Track. 

Tractive-effort 
due to Gradient 
or Curve. 

Mean Accelerating 
Tractive-effort. 

Speed Increment. 

Mean Acceleration. 

Time Increment. 

Time from Start. 

'O 

(D 

C 

a 

rr. 

c 

C6 

0 

Distance 

Increment. 

Total Distance. 

ml.p.h. 

0 

11). 

3305 

+ 410 

11). 

1 iiil.p.li. 

1 

' ml p.li ]• s 

1 

sec. 

800 . 

0 

1 inl.]>.1i. 

ft. 

ft. 

0 

16-8 

3360 

+ 410 

3715 

' 16-8 

i 1-3G 

12.35 

i2*-3r) 

8-4 

152 

i52 

19 

2090 

+*410 

3107 

2-2 

M35 

1-94 

14-3 

17-9 

51 

203 

21* 

1370 

+ 410 

2140 

20 

•782 

2-66 

16-85 

20 

75 

278 

22*5 

1050 

+ 410 

1620 

1-5 

-592 

2-53 

19-4 

21-75 

81 

359 

26 

7io 

+’410 

1290 

2-5 

•472 

5-3 

24*-7 

23-75 

185 

544 

27-5 

490 

1 

+ 410 i 

1010 

2-5 

•37 

6-8 

31-5 

26-25 ■ 

1 

261 

105 

30*2 

3io 

+ 410, 

810 

2-7 

•296 

912 

46-6 

28-85 ! 

386 

liol 

31*1 

262 

-24 ; 

262 

0-9 

•096 

9-4 

500 

30-65 ; 

423 

1614 

3*1*43 

250 

-29 1 

227 

0-33 

•083 

40 

540 

31 27 

184 

1798 

i 

29*5 

360 

-455 

-160 

-1-93 



-056 

35-0 

i 

890 

30-46 

1562 

3360 

i 


(5043) 
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We now. make a trial of cutting off power at 64 seconds, when the 
speed is 30*8 ml.p.h. The distance run during this time is 2257 ft. Conse- 
quently the position of the train is 457 ft. up the 1 in 120 gradient. There 
is, therefore, a further distance of (1550-457 =) 1093 ft. to be run up 
this gradient. The retarding force due to the gradient is 18*7 lb. per ton, 
and, assuming the mean train resistance to be 12-4 lb. per ton, wo obtain 
the retardation as [(18*7 + 12*4)/(1-1 X 102) =] 0-277 ml.p.h.p.s. 

The time required to run the distance of 1093 ft. with this retardation 
and an initial speed of 30*8 ml.p.h. can be obtained by the application of 
the general dynamical equation 

( 42 ; 

whore Kj is the initial velocity ; p is the retardation, and is the 
distanc(5 run during the time interval t, all in fool-second units. 

In this equation Dy is given in feet, if Fj is expressed in feet per 
second, t in seconds, and ^ in feet per second per second. For our purpose 
we require Dy in feet when Vy is expressed in ml.p.h. and fi is expressed 
in ml.p.h.p.s. Hence, transforming the equation to these units and 
solving for t, wo obtain 

t = H-467Ki- v'[(1-4677i)2 -2 X 1-467 X p X X>i]|/l-467/9 (43) 

Inserting the above values for Fj, Dy, and /?, we obtain t = 28-4 sec. 

The speed decrement for this interval is (28-4 x 0-277 =) 7-85 ml.p.h. 
Hence the speed at the end of the interval is (30-8 - 7-85 =) 22-94 ml.p.h., 
and the mean speed is 26-87 ml.p.h. The train resistance corresponding 
to the mean speed is 12-4 lb. per ton (from Fig. 358), so that the assump- 
tion of 12-411). per ton is correct, although, in the present instance, an 
error of 1 lb. per ton would have affected the retardation by only 3 per 
cent. 

The run along the level stretch of 440 ft. is next calculated, and we 
finally reacli the falling gradient of 1 in 170 on wdiich the train is to bo 
brought to rest. The train commences the descent of this gradient at a 
speed of 21-47 ml.p.h., the time being 105-8 seconds. The gradient 
produces an accelerating force of 13-2 lb. j^er ton, and if the mean train 
resistance is assumed to be 1 1-1 lb. per ton, we have a net accelerating 
force, due to the gradient, of (13-2 - 11-1 =) 2-1 lb. per ton, which 
produces an acceleration of 0-0187 ml.p.h.p.s. 

Now the running time = 4800/(20 X 1-467) - 20 — 143-5 sec. 

Hence the time on this (1 in 170) gradient -- 143-5 - 105-8 =^- 37-7 sec., 
Avhich includes the time for braking. 

The point at w'hich the brakes must be applied may be determined 
either from the curve sheet or by a few trial calculations: it will be 
found to be at 132-4 sec., when the speed is 21-97 ml.p.h. 

Hence the duration of the braking period is ll-l sec., and the time 
of coasting down the gradient is 26-6 sec. 

Therefore the distance run during braking is 

a X 21-97 X IM X 1*467 -) 179ft., 
and the coasting distance is 

fi(21-47 + 21-97) X 26-6 x 1-467 848 ft. 

Suquning up the various distances, we obtain a total of 4817 ft. 
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The complete speed- time and distance -time curves are given in 
Rg. 362, while the results of the calculations for the coasting and 
braking periods are given in Table XV. 


TABLE XV 

Calculation of Coasting and Braking Portion of Speed-time 
Curve for Bun on Track with Gradients and Curves 


O) 

0 

& • 

a. 

Mean Train 
Resistance. 

R^'tardinff Force 
due to Gradient 
or Curve. 

Mean Retarding 
Force. 

Mean Retarda- 
tion. 

Time Increment. 

Speed Decrement. 

Distance 

Increment. 

Mean Speed. 

Time from Start. 

Total Distance | 
from Start. j 

ml.p.li. 

111. pt'i- 
ton. 

lb. per 
ton. 

H>. pi-r 
ton. 

iiil.p h.p.s. 

sec*. 

ml p h. 

ft. 

nil.p.h. 

see. 

ft. 

30-8 






.. 

04 

2259 

22-94 

12-4 

18-7 

3*1 -1 

■277 

28 4 

7-85 

lOUS ! 

. . 1 

2()-S7 

92-4 

3350 

2147 

li-l 

J-2 

12-4 

•11 

. . 1 

13 4 

1-47 

440 

. . i 

22 2 

10.)-8 

3790 

21-97 

li-i 

-i:i-2 

2-1 

-01S7 ! 

1 

2G-C 

- -(V) 

848 

21-72 

1324 

4638 

0 

• • 

• * 1 

•• 

1-88 1 

•• 1 

11-1 

21-97 

i79 

10-98 

143-5 

4817 


In cases where speed-time eurves are required for runs C'xt ending over 
many gradients, the calculations can be carried out more expeditiously 
by adopting the analytical method developed by ])r. F. W. Carter, 
and described in detail in a paper entitled “ Predetermination in Railway 
Work.”* In this method the treatment of problems connected with 
train movement is based upon the assumption that, within the) working 
range of ordinary direct-current series traction motors, the relations 
between the tractive effort and the current may be represented by a 
straight line, while the relation between the speed and the current may 
be represented by a hyperbola. From these premises a series of (‘quations 
connecting the speed, distance, tractive effort, and time are developed, 
and a set of universal speed-time and speed-distance curves are obtained 
from which those appropriate to the problem can bo selected. 

Part II — Energy Consumption (Direct-Current Equipments) 

One of the characteristic features of electrical engineering is that 
the energy input to a motor, or a group of motors, performing a definite 
cycle of operations can bo predetermined with a high degree of accuracy 
when the characteristic curves of the machines are available and the 
mechanical resistances are known. This feature also applies to electric 

* See Transactions oj the American Jmtitntc of Electrical Engineers, vol. 22, 
p. 133. Tins paper should bo studied by all students interested in the subjects 
of speed-time curves and energy consiunption. Further papers on speed-time 
curves will he found in vol. 19, pp. 129, 901 ; vol. 33, p. 1673. 
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railway (^iigiiiot^ring. For instance, the perfonnancti of a given electric 
train, operating to a given scliedulc in suburban service, can be pre- 
deterniinecl witli precision, since the uncertain factors (such as train 
resistanc(^) c()nn(‘ct(*d with the problem influence the final results to only 
a small degree. Hence, in making guarantees for the energy consumption 
of subur])an t‘lectric trains it is only necessary to add a small allowance 
(to cov(‘r unforeseen contingencies) to the calculated figures ; in fact, 
this allowaiuje is, in many cases, only of the order of 5 per cent. It is 
now our purpose to show the manner in which these calculations are 
made. 

In order to calculate' the energy required hy an electric train when 
operating to a givi'ii sciheduh', it is necessary to have av'^ailablc the spped- 
time curve corresponding to the conditions of service and the charac- 
tf'ristic curves of the driving motors, Avhilc a knoAvledgc of the method of 
control will also be necessary. 

Tn principle, the method of calculation is similar to that ado])tcd for 
the calculation of the s])eod-time curve, i.e. the speed is considered as 
Iho indefu'ndont variable', and the increments in the time and current, 
corresponding to increments in th(' speed, are obtained. The increments 
in the ('lU'i-gy arc then calculated, and the total eru'rgy supplit'd follows 
by a process of summation.* 

Examjde. TIk'. method of procedure is best illustrated by calculating 
the tuiergy consumption for the 25(>()ft. run for which the speed-time 
curve was calculated in the earlier part of this cliapter. 

In the calculations which follow, the energy supplied to one motor 
is calculat(*d, and the total energy supplied to the train is obtained by 
multiplying by tlu^ nuinber of motors. This method possesses an advan- 
tage over the dirc'ct method of calculating the total energy, since the 
standard charatd eristic curves of the motor (;an be used without modi- 
fication. 

Th(^ characteristics of th('. motors with whicih the train under con- 
sidt'ratiem is equipped are given on j). oOO. Of thes(5 characteristics, wo 
only require tlu? speed -current curve for the energy calculations, but we 
shall utilize the ('fiiciency curve later in order to obtain the averages 
t'lficieiicy during the j)eriod of speed-curve running. 

1. Period of rheostatic acceleration (i.e. from the start until a speed 
of 16-S ml.p.h. is rcaclu'd). During this period the current per motor will 
bti assumed to be maintained constant at 225 amperes.| With series- 
parallel control, the in])ut (from the conductor rails) to a pair of motors 
during the first half of this period (when the motors are in series) will 
be 225 X GOG 135 kW., and during the s(;cond half of the period (when 
th(j motors are in parallel) the input will be 2 x 225 X 600 = 270 kW. 
H(*nce the energy input per m*)tor for the whole of the initial accelerating 


* The total nu'rgy siippiied iriay also bo obtainc^cl by jdotting a ])owor-tiino 
oiirvo and inlograting tliLs by moans of a planiinotor. 

t In practioo, with a lirnitid numlx^r of roiitrollor iiotohos tho current will 
fluctuato l^dwoim maxiinum and minimum values as tho st‘otionH of tho rheostats 
are ent out. Witli suitably graded rhoostuts and the controller manipulated to give 
uniform eurrent -peaks (e.g. us is obtained with automatic control), tho deviation 
of tho actual conditions from the ideal will not introduce any approeiablo errors into 
the etjilculat ion of either the speed or the energy consumption. 
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period will Ihe* {i(135 x i X 13-9 -|- 270 x i X 13-9) 1409 kW- 

seconds, or (1409 x lOOO/SOOO =) 391 watt-hours. 

IT. Period oi speed-curve running. The energy input during this period 
is obtained by selecting a series of increments of the speed, calculating 
the average energy input for each increment, and summing the results. 

Thus the interval from 16*8 ml.p.h. to 19 ml.p.h. occupies 2-23 sec., 
and the average current is U(225 f 160) = \ 192 amperes, so that the 
average energy input (192 x 600 X 2-23)/3600 — 71-4 watt-hours. 

Similarly, for the intervals until cut-off, w(^ obtain the following 
r(‘sults 

Speed Tnerenient 
(ml p li ). 

19 to 21 
21 to 22-5 
22-5 to 25 
25 to 26 1 


Time Interval Average Current Average En rgy Input, 
(seconds). (amperes). (watt -hours). 


3-16 

3- 29 
7-76 

4- 6 


141 

114 

93 

83-5 


74-2 

64-4 

120 

64 


1'he average (Miergy in[)ut [x r motor for the whoh^ run is, therefore, 
(391 -f- 71*4 + 74*2 + 64*4 -\~ 120 + ) 785 watt-hours. Hence the 

total (mergy consumption for the train is (785 X 8/1000 -) 6*28 kW.- 
hours, or (6*28 x 5280/2560 =) 12*95 kW.-hours per train mile. 

The specific energy consumption — 12*95 1000/195 -- 66*4 watt- 

hours per ton mile. 


Analysis o! energy consumption. It is instructive to analyse this 
energy eonsum])tion into its several components, llius -- 

_ 0 028;^ X (21-6)“ X 214 0 X 5280 
2500 X 195 


Eneipgy expended during brakingt 


- 29-9 watt-hours per ton mile 

Energy expended against train resistance 

(while power is on)t 1-7 watt-haui*s per ton mile 

Energy i*x pended against apparent train 
resistance during roasting (ditTtu'ence 
betw’^een kinetic energy at 26-1 ml.p.h. 

and 21 0 ml.p.h.) 13-8 watt-hours per ton mile 


* The senes and parallel portions of the initial aeeeleniting perioil are here 
considered to of ecpuil duration. .\ reh'nMice to Kig. I0l> (p. UiS) will show that, 
due to the iiit(*riial resist aneo of the motors, the time of running on the series notches 
is slightly shorter I linn tliat for the* parallel notches when tht‘ accelerating current 
IK'r motor is maintained constant.. In the pn-st'iit east', as.siiming a 5 per cent 
voltage drop in each motor, the respective times on the series and parallel notches 
are 5-58 and 7*.32 seconds, so tliat the energy in]mt per motor during tlie initial 
aceeleratiiig period is 1432 kW. seconds instead of 1409. The specific energy con- 
sumption, however, only differs 0-5 ]ier cent in the two eases, 
f Obtained from equatijii (HI). 8ee p. ,30. 

J Obtained ns follows . Average train n^siataneo Ijetweeii l(v8 ml.p.li. and 2(M 
ml.p.h. - 6-0 lb. per ton Total distance up to tho point of cut-off is 875 ft., whence 

from equation (11), p. 32, energy ex^)ended against train resistance (while power is 
on) (2 x 8 170/2560) | 2 : 6-6 \ (875- 170)/25fi0 - 4-7 watt-hoiira per ton 

mile. 
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Losses in start/ing rheostats* ~ 10-5 watt-houi's per ton mile 

Losses in motors and gearing (by differ- 
ence) = 7*5 watt-hours per ton mile 

The energy utilized during the run = 4-7 13-8 — 18*5 watt-hours 

per ton mile, or 28 per cent of the energy supplitni from the conductor 
rails. TJio remaining 72 per cent is accounted for as follows: 45 per 
cent is dissipated in the brake shoes, 12 per cent is dissipated in the 
starting rheostats, and 12 per cent is dissipated in the motors and 
gearing. 

Of the kinetic energy possessed by the train at the point of cut-off, 
31*6 per cent is utilized during coasting, and the remaining ()8*4 per cent 
is dissipated in the brake shoes. 

Altliougli the schedule speed is fairly high for such a short run, the 
energy consumption is not excessive. This result is due to the adoption 
of moderately high acceleration and rtdardation, by which means a long 
coasting period is obtained (e.g. the duration of coasting period is 48*5 
per cent of the running period). 

Effect of acceleration and rate of braking on energy consumption. 

We will investigatfi the effect of, say, a 17-5 per cent reduction in the 
initial acceleration for the above service, the schedule speed, rate of 
l)raking, and other conditions remaining unchanged. 

Tlio mean tractive effort per motor to give an acjcc^le ration of 1*0 
ml.p.h.p.s. (allowing 8 lb. per ton for train resistance) is (1-0 X 102 X 26*8 
-|- 8 X i X 195 --) 2928 lb., which corresponds to a current of 195 
amperes. The speed of the train, corresponding to this current and 
normal voltage, is 17*6 ml.p.h. Hence the duration of the initial accel- 
erating period == 17*6/1*0 = 17-6 seconds. 

The average energy input (per motor) during the initial accelerating 
period = ^(195 X 600 X J X 17-6 + 2 X 195 X 600 X | X 17'6)/3600 = 
429 watt-hours. By calculating the speed-time curve in the manner 
indicated above, we find that power must be cut off at 41 seconds when the 
speed is 26-8 ml.p.h,, and the brakes must be applied at 77-5 see. when 
the speed is 23 ml.p.h. The energy input (per motor) for the whole run is 
840 watt-hours, or 7 per cent greater than that for the higher acceleration. 
The duration of the coasting period in the present instance is 41 per 
cent of the running period. 

* Obtained as follows : Assuming a 5 por coni voltage droi) in each motor and 
a constant supply voltage of GOO volts, the times on the series and parallel notches 
are, rcsp*^ictivcly, 6*58 and 7*32 seconds. The mean voltage drop in the rheostats 
during series notching is [4{600(1 - 2 x 0*05)| = j 270 vohs, while the value corre- 
sponding to the parallel notches is 150 volts. Hence the cm^rgy dissipated in the 
rheostats (per pair of motors) is [(225 X 270 X 6-58 -{- 2 X 225 x 150 x 7*32)/3600 — ] 
248 watt-hours, which corresponds to 248 X 4 X 5280/(105 X 2560) — 10*6 watt- 
hours per ton mile. If the internal resistance of tlio motors is neglected, the loss in 
the rheostats will be given by J (kinetic energy of train at end of initial accelerating 
jwriod -f- work done against train n^sistan.'je). Applying this rule to the above 
example, we have — 

Kinetic energy of train at 16*8 ml.p.h. (0*0283 X (16*8)“ x 214*6 x 5280)/(2660 
X 196) — 18*1 watt-hours per ton mile. 

Work done against train resistance — 2 X 8 x 170/2660 ~ 3*36 watt-liours per 
ton mile. 

Therefore the approximate loss in rheostats — i(18*l -1- 3*36) — 10*73 watt-hours 
per ton mile. 
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The energy account for this run is as follows — 

Energy dissipated in the brake shoes = 33*9 watt-hours per ton mile 
Energy expended against train resistance 

(while power is on) = 6-8 watt-hours per ton mile 

Energy expended against (apparent) 

train resistance during coasting =^12-1 watt-hours per ton mile 

Tjossos in starting rheostats - - 11*5 watt-hours per ton mile 

Losses in motors and gearing == 6*8 watt-hours per ton mile 

The lower acceleration, however, will result in a lower maximum output 
per motor and a lower maximum load on the sub-station. Thus, in the 
first case, the maximum output per motor, calculated from equation (9), 
= 0-002 X 3500 X 16-8 = 156 h.p. ; and in the second case, this 
becomes 0-002 X 2928 x 17-6 = 137-5. Similarly, the maximum input 
to the train is, in the first case, (225 X 600 X 8/1000 =)1080 kW. ; and, 
in the second case, (195 X 600 X 8/1000 =) 936 kW., which is 13-4 per 
cent lower than the former. 

It will be interesting to ascertain the difference in the heating of the 
motors in the two cases. Although the heating is due to core, friction, 
and PR losses, we shall only consider the PR losses, since the other 
losses will not differ materially in the two cases. Hence the heating 
may bo considered as proportional to the root-mean-squaro (r.m.s.) 
current for the cycle (i.e. from start to start). 

The current-time curves (for one motor) are given in Fig. 363. By 
converting the current-time curve into a (current)^- time curve, apd 
integrating the latter over the period from start to start, we can obtain 
the r.m.s. value of the current for the cycle. Thus, for the first run, 
the mean square of the current, over the period from start to start, 
— 991,850/109 — 9100. Therefore the r.m.s. current — 95-4 amperes. 

For the second run, the mean square of the current, over the period 
from start to start = 944,600/109 = 8670. Therefore the r.m.s. ciurent 
= 93-1 amperes. 

The heating of the motors will, therefore, be only slightly reduced 
by adopting the lower acceleration, and practically the same size of 
motor will be required in each case. 

The comparisons between the two runs may be summarized thus — 


Initial acceleration (ml.p.h.p.s.) .... 

. 

1-21 

1-0 

Rate of braking (ml.p.h.p.s.) .... 


20 

2-0 

Initial accelerating current per motor (amp.) 


22.5 

195 

R.m.s. current per motor (amp.) 


05-4 

93-1 

Specific energy consumption (Wh. per ton mile) . 


66-4 

7M 

Total energy consumption(kW.h.) 


12-9,5 

13-9 

Maximum input from conductor rails (kW.) 


1080 

930 

Average input from conductor rails (kW.) . 


202 

222 

Maximum output from motors (h.p.) . 


1260 

1100 

Maximum speed (ml.p.h.) ..... 


261 

26-8 

Speed at commencement of braking (ml.p.h.) 


21-6 

23 

Time from start to point of cut-off (sec.) 


36 

41 

Duration of coasting period (sec.) 


43-2 

36-5 

Duration of braking period (sec.) 


10-8 

11-6 

Energy utilized (Wh. per ton mile) 


18-5 

18-9 

Energy dissipated in brakes (Wh. per ton mile) 


29-9 

33-9 

Energy dissipated in starting rheostats (Wh. per ton mile) 

10-5 

11-5 

Energy dissipated in motors and gears (Wh. per ton mile) 

7-5 

0-8 
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It is apparont that, from the energy })oint of view, the adoption of the 
higher acceleration has considerable advantages. The disadvantages 
are: (1) a higher peak load on the sub-stations, (2) a slightly increased 
maintenance on the rolling stock and equipment. Of course, if the 
acceleration were increased to, say, 1*5 ml.p.h.p.s., larger equipments 
would be necessary, and in this case it is quite possible that, although 
the specific energy consumption would be reduced, the total energy 
consumption may be increased. Moreover, this high acet*leration would 
increase considerably the peak load on the sub-station, thereby neces- 
sitating more expensive plant and larger feeders. 

The influence of the rate of braking on the energy consumption is 
shown by tlie following figures, which have been calculated for the abpve 




0 



(a) [h) 

KnJ. — Current and Power Ctirvos for J Mo-ton Motor-eom-li "rrniii. 

{a) Aeceleratin^i ciirrcMit - 225 A. per motor; {h) Aeceleraliiij' 

eiirreiit 1M5 A. per motor. 


train. The initial acceleration has been choscMi at I -21 inl.j).h.p.s., so 


that the results can readily be compart'd with those obtained previously, 
and w^hich are given below for comparison. 

Aveiuge rate of braking (inl.p.li.p.s.) . 

20 

2-75 

1-5 

Initial acceleration (inl.p.li.p.s.) . 

1-21 

1-21 

1-21 

Time at which power is cut off . 

35 

33 

43 

Time at wliich brakes are apjiluid (.sec.) 

78-2 

81-6 

09-5 

Maximum speed (ml.p.h.) .... 

261 

250 

27 0 

Speed at commencement of braking (in1.p.}i.) 

21-6 

20-3 

24-5 

Duration of coasting period (sec.) 

43 2 

480 

20-5 

Duration of braking period (sec.) 

10-8 

7-4 

19-5 

Specific energy consumption (Wh. per ton mile) 

66-4 

04 

75-3 

Knergy dissipated in lirakes (VV"h. jMjr ton mile) 

20-9 

20-4 

38*5 


Thus, considering the rate of braking to be normally 2-0 ml.p.h.p.s. 
a reduction of 25 per cent increases the energy consumption by 13 per 
cent ; and an increase of 37-5 per cent reduces the em^rgy consumption 
by 4 per cent. 
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The relationship betwec*n the rate of braking and the energy con- 
sumption is shown better in Fig. 364, which is plotted from the above 
results. It is apparent, therefore, that for the above service very little 
advantage is gained by the adoption of a braking latc above 2-0 ml.p.h.p.s. 


Influence of length of run on energy consumption. Fig. 365* is plotted 
from test results of the energy consumption for a number of runs with 
175-ton motor-coach trains when operating at constant schedule speed. 
As the runs were all made with the same driver, the elf cot of the y)ersonal 
element on the performance is practically the same for each run. 

Effect of gear ratio and method of control on energy consumption. 

Since the energy consumption of a train operating to a given schedule 
is influenced by tlie duratitm of the coasting period, it is clear that any 
conditions of operation which will increase the coasting p(;riod will result 
in reduced energy consumption .f When th(‘ length of the run, the schedule 
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Fkj. Kffect of of Hrakiiijr on 

SjHH'ific Enor^ry Consumption (2500 
ft. rim at 1() inl.p.li. sc.hrdulo speed ; 
accoJeralion - 1*21 nil.]).li.p.s.). 



Eio. 3()5. Tnfluenci^ of f^engtli of Run on 
Specific Energy Consumption (weight 
of train 175 tons ; schedule speed 17 
jnl.p.ln). 


speed, and the rate of braking are fix(*d, the coasting period will be affected 
only by (1) the initial acceleration, and (2) the free-running speed. With 
short runs the initial acceleration will have the greater influence on the 
energy consumption, but with longcT runs the energy consumption will 
be largely dependent on the free-running speed . 

Now, if with a given equipment the gear-ratio be changed, the initial 
acceleration and the free-running sj)eed will be changed ; consequently 
the saving resulting from, say, a higher initial aeceleration will be offset 
by the longer duration of the speed-curve running period, due to the 
lower free-running speed (assuming the schedule speed to be unaffected 
by the change). Whether or not the energy consumption will be affected 
by the change of gearing will depend upon the relative values of the 
energy consumption for the accelerating and speed-curve running periods 
in>each case, and a definite decision can only be arrived at by working 
through the speed-time curves and calculating the energy consumption 
in the usual manner. 


* From a paper by JMr. Roger T. Smith on “ Some Railway Conditions Governing 
Electrification ’* (Journal oj the Institution of Electrical Engineers, vol. 52, p. 293). 

t This statement assumes that the increased coasting is obtained by altering 
either the initial acceleration or the braking, or both ; the acceleration on the 
speed-curve being unaltered. In other words, the gear ratio is assumed to remain 
constant. 
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In order to illustrate this point, we show, in Fig. 367, speed-time 
curves — ^for the above 195-ton motor-coach train — corresponding to 
gear ratios of 2-5: 1, 3*5: 1, and 4*5: 1, the schedule speed, distance of 
run, rate of braking, and accelerating current being the same in each 
case. The energy consumption has also been calculated, and the values 
are given in Table XVTT. 

Before giving these results, it will be desirable to indicate the modi- 
fications required to the above data to allow for the change of gear ratio. 

The characteristics of the motors (p. 506) are modified in the following 
manner. If V denotes the speed corresponding to a given current and 
gear ratio y, then for a gear ratio the speed ( Fi) at the same current is 
given by Fj = Fy/y^. Again, if F, denote the tractive efforts corre- 
sponding to a given current, then = Fyjy* 

The modified values of the speed and tractive effort are as follow — 


Current (amperes) . 

225 

175 

125 

100 

75 

50 

Speed, 2-5 : 1 gear ; 36 in. wheels 
(ml.p.h.) .... 

23-5 

25-6 

29-3 

:{2-5 

38-1 

51-4 

Speed, 4*5 : 1 gear -, 36 in. wheels 
(ml.p.h.) .... 

13-07 

14-25 

16-25 

18 

21-2 

28-0 

Tractive effort, 2-5:1 gear ; 36 in. 
wheels (lb.) .... 

2500 

1800 

1130 

805 

500 

214 

Tractive effort, 4-5:1 gear ; 36 in. 
wheels (lb.) .... 

4500 

3240 

2030 

1405 

900 

385 


The change in the gear ratio will affect the apparent train resistance 
during coasting. The values on p. 507 and Fig. 358 must, therefore, be 
modified to correspond to the change in the gearing, the modification 
being effected by the method given in the footnote on p. 506. The results 
of these modifications are as follows — 


Speed of train (ml.p.h.) 
Apparent train resistance 

10 

15 

20 

25 

30 

35 

40 

for gear ratio 2-5:1 lb. 
(per ton) 

7-6 

8-16 

9-13 

10-25 

11-45 

12-7 

14-1 

Apparent train resistance 








for gear ratio 4-5 -. 1 (lb. 
per ton) 

10 

11-1 

12-4 

13-7 

15-1 

— 

— 


The effective weight of the train will also be aff(jcted by the change 
in the gear ratio due to the change in the ratio of the speed of the train 
to the speed of the armatures. By the application of equation (8), p. 29, 
the effective weight is found to be 210-6 tons when the gear ratio is 2-5 : 1 , 
and 217 tons when the gear ratio is 4-5: 1. 

Hence, for an accelerating current of 225 amperes per motor and a 
gear ratio of 2-5:1, the initial acceleration is 

[(2500-195)/(J X 210-6 X 102) =] 0-86 ml.p.h.p.s. 

With a gear ratio of 4-5 : 1 the initial acceleration is 

[(4500 - 195)/(i X 217 X 102) =] 1-55 ml.p.h p.s. 

* This assumes that the gear and axle-friction losses are the same in each case, 
which assumption may be considered to bo approximately correct, since, although 
the speeds of the axle and gearing (corresponding to a given speed of the armature) 
are increased with a reduction in the gear ratio, the tooth and bearing pressui-es are 
reduced. 
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TABLE XVI 

Summary of the Results op Calculations for a 195-ton Motor- 
coach Train Operating at a Schedule Speed of 16 Ml.p.h. 
ON A Run of 2560 ft. on Level Track, with Stops of 20 Seconds 
Duration. 


Gear ratio ....... 

2-6 

3-6 

4-5 

Initial accelerating current per motor (amp.) 

225 

225 

225 

Rate of braking (ml.p.h.p.s.) .... 

20 

20 

20 

Initial acceleration (ml.p.h.p.s.) 

0-86 

1-21 

1-.55 

Specific energy consumption (Wh. per ton mile) . 

84 

66-4 

64 

Maximum input from conductor rails (kW.) 

1080 

1080 

1080 

Average input from conductor rails (kW.) . 

202 

202 

200 

Maximum output from motors (li.p.) 

156 

156 

156 

Free-running of speed train (ml.p.h.) 

43-5 

38-5 

32-5 

Maximum speed of train during run (ml.p.h.) 

28 

201 

25-5 

Speed of train when rheostats are e.iit out (ml.p.h. 

23*5 

16-8 

131 

Speed of train at comnuineenKint of braking (ml.p.h.) 

24 

21-6 

21-8 

Mean retardation during coasting (ml.p.h.p.s.) 

0 006 

0103 

0117 

Time from start to point of cut off (.sec.) 

35 

35 

46-5 

Duration of coasting period (sec.) 

42 

43*2 

31-6 

Duration of braking period (sec.) 

12 

10*8 

10-9 

Energy utilized (Wh. per ton mile) . 

18 

18*5 

17-5 

Energy dissipated in brakes (Wh. per ton mile) . 

36-9 

29-9 

.30-5 

Energy dissipated in starting rheostats (W’h. per 




ton mile) ....... 

20-6 

10*5 

6-4 

Energy dissipated in motors and gears (V^4i. per 




ton mile) ....... 

8-5 

7*5 

90 

H.m.s. current per motor (amp.) 

121-5 

95-4 

80*8 

r^eripheral speed of gearing at free-running speed 




(ft. per min.) ...... 

2260 

2260 

2000 

Diameter of pitch circle of gear wheel (in.). 

22*5 

24-5 

25-S 


The relationship between the energy consumption and the gear ratio 

for the above conditions of operation is shown in Fig. 366 (a). We observe 
that the energy consumption is not mateiially afTccted by changes in 
the gear ratio between 3-75: 1 and 4-5: 1, but is increased considerably 
for gear ratios below 3*0: 1 and above 4-5: 1. For example, for a gear 
ratio of 5-3 : 1 (which is the highest gear ratio with which the service can 
be run, power being kept on for 76 seconds, and the brakes applied 
immediately power is cut off), the energy consumption reaches 78-6 watt* 
hours per ton mile. 

In the above considerations of the effect of the gear ratio on the 
(iuergy consumption we have neglected the mechanical limitations, such 
as (1) the clearance between the lowest point of the gear case and the 
track, and (2) the peripheral speed of the gearing. These limitations are 
discussed in Chapter XVII (p. 437), and must be carefully considered, 
as well as the energy consumption, in the selection of a suitable gear 
ratio for a given equipment. 

The comparison between the above runs is greatly facilitated by 
plotting the values ox the energy expended in the various parts of the 
equipment against the gear ratio, as shown in Fig. 366 (6). We have 
now an explanation of the rapid rise in the energy consumption when 
the gear ratio is increased above 4*5: 1 ; for, although the energy 
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disHipated in the rh(30stats is redueod, the energy dissipated in the motors 
and gearing, as well as in the brakes, is increased. 

The increased losses in the motors are principally friction losses, 
eonsequent upon the high armature speed. For instance, in the par- 
ticular motor for which the characteristics are given on p. 506, the 
friction and (gear) los.ses at an armature s[)eed of 12()0r.p.m. (corre- 
sponding to a train sj)eed of 26 ml.p.h. with a gear ratio of 5*3 : 1 ) are 
approximately 20 per cent of the input to the motor. With a high gear 
ratio, a large; portion of the run must be; made at speeds in the; neighbour- 
hoe)d of free running, and as this conditiem usually corresponds to a 
high armature spee^d, the average equij)ment efficiency during this period 
is low. This pe)int is clearly shown by the curves of Fig. 367, which refer 
to the abov^e* runs, with an addtiiemal curve for the maximum gear ratie) 
(5*3: 1) added.* Comparing the runs with gear ratios of 3-5: 1 and 5-3 : 1, 



OcAr Ratio ** Gear Ratio 

{") (h) 


Kj<i. .*{(»(>. KITcct of (Joar llatiooii I'auM-fiy Consumption of ie.5-ton ^^()<()r• 
coiicli '^Praiu (25(iOft. run at Itjnil.p.li. scIumIuIo spood). (a) Kiiorjiy 
(Vmsiimptiou ; (b) ( Vjiupoiu'iits of KncM*jiy (consumption. A. Knorjxy 

(lissi[itU(‘<l III brnko shoos. Ji. Kiiorgy oxpondoil against train rosistanco. 

Kiior^'v dissipatod in rlioo.stat.s. />. Kner^^y dissipntod in motors and 
^aairing. ] 

the me;an efficiencies during the* pe*ri(Kls of speM‘d-e*ur\ e* running are 86-S 
per cent and 73*4 per c(*nt respectively. 

The curves of Fig. 367 also indicate the ideal conditions for obtaining 
a low energy consumption with the standard metheid e)f series-parallel 
control. Thus, suppose it were jiossible to adopt the 5-3: 1 gear for the 
initial accelerating period, and to change this gear te) 3-5: 1 at a speed 
of 17*25 ml.p.h. (corresponding to the intersection of the speed-time 
curves for these g(;ar ratios). We should then be able to cut off power 
earlier (e.g. at 30 seconds), to coast longer, and to apjdy the brakes at a 
lower speed than if we mad(; the run with the 3-5: 1 gear throughout. 
The specific energy consum])tion for this method of operation is 57*6 
watt-hours per ton mile, of which 27 watt-hours per ton mile are expended 
in the brakes. 

* The points for tlw? portion of tlie elticiency curve corresponding to si^'cd- 
curve riinninj? are obtained directly from the motor efticieiicy ciirvo (p. 500), while 
the ])oint.s for the portion corresponding to tlwi initial acceleration are obtainc-d from 
the ratio of the output to tlie input, the output being (kiiietie energy of train | w«>rk 
done against train resistanee). 
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Of course, such a method of operation is quite impracticable, but 
with motors designed for “ tap-field ” control, we can obtain conditions 
somewhat similar to the above. Thus, at starting, the full field winding 
would bo used, thereby giving a low spet*d at which the rheostats are cut 
out, while for the speed-curve running period the field tappings would 
be used, thereby enabling this portion of the run to be made at a 
moderately high speed, so as to obtain a long coasting period. 

Energy consumption of equipments operating on various services. 

In the above discussion w'^o have considered conditions of service w^hich 



Kic. no?. -Spi'od-l imo and Equipmont -oftlcioncy Curves for Motor-eoach 
Train (25()() ft. niii at 16 rnl.p.li. seliedulo speed). Notk. — The niirnl)er.s 
placed against the curves denote tlie gear ratio. The poinis niarkc'd * 
indicate tlio connnencciTient of tlie speed-curve running ])erio(ls. 

arc typical for city lines. Hut, with an ext(*nsivx‘ system of ok‘ctrifica- 
tion — ^involving the electrification of city, suburban, and interurban lines 
— the traffic department would require the suburban and interurban 
trains to be scheduled for a fast(*r service than the (;ity trains. Hence, if 
the same trains ar^j operated ov^tT both city and interurban routes, the 
gear ratio cannot be selected to give the most economical operation on 
each system. For instance, suppose the average run of 5000 ft. is to b(j 
made at a schedule speed of 24-5 ml.p.h., with stops of 20 seconds’ 
duration. The running time is 119 seconds. A reference to p. 510 will 
show that the above equipment, with a gear ratio of 3*5: 1 and 3G in. 
wheels, is quite incapable of operating to this schedule. A lower gear 
ratio (between 2-0: I and 2-5: 1) must, therefore, be employed ; and to 
avoid an excessive gear velocity at free-running speed (which in this case 
would be of the order of 45 to 50 ml.p.h.), the diameter of the driving 
wheels require to be increased to 43*5 in. A reference to Fig. 366 (a) will 
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show that such an equipment would have a high energy consumption 
when operating on the city service. 

Moreover, if a compromise in the gear ratio be adopted, the energy 
consumption for the suburban and interurban services will be higher than 
that of a train equipped with the correct gear ratio for these services. 

These disadvantages are to some extent minimized by employing 
equipments with tapped field control. I'or example, if the motors are 
provided with two tapijings on each field spool, three field strengths are 



Fig. 308. - Sj)rod, Current, and Efficiency Curves for Motor-coacli Train 
with Field-control Equipinont. 

_ Full fM?ld. Normal field. — . — . — Minimum field. 

obtained w'ith a givc^n valuta of the armature current. The full field 
winding would then be used for the initial acceleration in each of the 
above services, and the tappings would bo used for obtaining the higher 
speed.i required for the suburban and interurban routes. The gear ratio 
would be selected to give a moderately high acceleration, so that the 
train could be operated economically in city service. 

Field control, therefore, coiisiderahly extends the flexibility of the equip- 
ment ^ and, with a suitable selection of the motor, one class of equipment 
will be capable of operating on widely different services without the energy 
consumption, on any of the services, being excessive. This feature of field- 
control equipments can bo better illustrated by an example. 

Thus, consider a train of two 36-ton motor coaches, with equipments 
arranged for tapped-field control, to operate on level track to various 



CALCULATION OF SPEED-TIME CURVES 527 

schedules, tl^e braking retardation being 2 inl.p.h.p.s. in all cases. The 
coach bodies are of the same dimensions as those in the above examples. 
The trucks have 43^ in. wheels, and each truck is equipped with two 
75 h.p., 500- volt, geared motors, the gear ratio being 3-9: 1. The weight 
of the train loaded with passengers is 79 tons, and the effective weight 
is 86*5 tons. 

The characteristics of the motors at normal voltage and for 431 in. 
wheels, 3*9 : 1 gear ratio, arc as follow — 


Amperes . ... 

40 

00 

80 

100 

130 

Speed, full field* (ml.p.h.) . 

27*5 

22-5 

20 

18-4 

17 

Speed, normal field* (ml.p.h.) 

38 

28-7 

24 

210 

19-5 

Speed, weak field* (ml.p.h.) 

50 

33-7 

27-8 

24*6 

22 

Tractive effort, full field (lb.) 

285 

570 

850 

1130 

1560 

Tractive effort, normal field, (lb.) 

200 

460 

725 

1000 

1410 

Tractive effoi-t, weak field (lb.) . 

127 

375 

025 

900 

1300 

Elficioncy, full field (per cent) 

78*3 

83 

83 

82-2 

80-5 

Efficiency, normal field (per cent) 

75 

84*2 

86*2 

85-8 

84-5 

Efficiency, weak field (per cent) . 

67 

83 

80-2 

87 

86-2 


The mean accelerating current Avith full field is 130 amperes per 
motor. 

The train resistance, calculated from equation (38), is given by 
r = 4*1 + 0*055 F + 0*0042 and the apparent train resistance during 
coasting is obtained by making allowance for the motor and gear friction 
losses during this period. The values of train and coasting resistances 
at various speeds are — 


Speed of train (ml.p.h.) 

. 10 

20 

30 

40 

50 

Train resistance (lb. per ton) 

. 5*1 

6*9 

9-6 

13 

17-4 

Apparent train resistance (lb. per ton) 8*5 

10-8 

14 

17-8 

22-4 


Firsts consider this train to operate on a service with 2*06 stops per 
mile, at a schedule speed of 16 ml.p.h., the duration of e*a(;h stop being 
20 seconds. The distance between the stops is 2560 ft., and the running 
time is 89 seconds. 

For this run the motors will be operated with the full field winding 
throughout. The initial acceleration (corresponding to a mean current 
of 130 amperes per motor) is 1*35 inl.p.h.p.s. and occupies 12*6 seconds. 
Power is cut off at 30*1 seconds from the start, when the speed is 26 ml.p.h. 
I’he train coasts for 48*4 seconds, and the brakes are a]^plied when the 
speed is 21 ml.p.h. The specific energy consumption is 68*7 vatt-hours 
per ton mile, and the total energy consumption is 5*4 kW. hours per 
train mile. The r.m.s. current per motor for the run is 51*7 amperes. 

Second, consider the train to operate on a service in which the average 
run of 3900 ft. has to be made at a schedule speed of 20*6 ml.p.h., with 
stops of 20 seconds’ duration. The running time is 109 seconds. 

For this run the initial acceleration is made with the full field winding, 
and the acceleration on the speed-curve is made with the normal field 
winding, the transition from full field to normal field being made at a 
speed of 17 ml.p.h. Power is cut off at 44*5 seconds (when the speed is 

* The effective turns in the field winding corresponding to full, normal, and weak 
field are in the ratios I’O : 0'667 : 0*5. The free-running sj^eeds on level track witli 
the above train are 33*6, 42*5, 47*6 ml.p.h. for the three field strengths. 
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32*5 nii.p.h.), and i\w brakes arc applied at 95*8 seconds from the start 
(wlieii the speed is 26-4 nil.p.h.). The specific energy consumption is 
68-7 watt-hours per ton mile, the total energy consumption is 5*41 kW. 
hours per train mile, and the r.m.s. current is amperes. 

Thirds consider the train to operate on a service in which the average 
run of 5100 ft. has to be made at a schedule speed of 24*1 ml.p.h., the 
duration of the stops being 20 seconds. The running time is 124 seconds. 

In this eas(‘ tin* sj)eed-eurve running period is made with the minimum 
numbcT of field turns in circuit. The initial acceleration is made with 
the full field winding, the transition to the normal field winding is made 
at a siMH'd of 17 ml.p.h., and the transition from normal to weak field is 
made at a speed of 19-5 ml.p.h. 

is cut off at ()0-7 seconds from the start (when the speed is 
37-5 ml.p.h.), and the brakes are applied at 108*5 seconds from the start 
(when th(i s[)eed is 31 ml.p.h.). Th(5 specific energy consumption is 72*6 
watt-hours ])er ton mile, tlie total energy consumption is 5*72 kW. hours 
j)(‘r train mile, anil the r.m.s. current is 60 ampen^s. 

Fig. 368 shows the speed-time curves for the abov(^ runs, together 
with the (mrrciit and equipment-efficiency curves. 

The (‘(piipment is also capable of operating this train to other fast 
suburban services, as shown bcloAV. 


Distance 

bolwocn 

c d 
o 

'C o 

ti) 

■S 35 

osc 
a> o 

fl to . 

1 O 

O o 


1 . 43 

Stops. 

S CM 


2.§ 

S "S 

HO 

2 ® S S 

Q 6^ 

o.| g’-s 
coW 0 

K|a; 

K f 

ft 

miles. 

.Sf'C. 

ml p li. 

800 . 

800 . 

BOO. 

wh/t.nil. 

nmp. 

5370 

1 02 

20 

1 25*5 

124 

79 

27 

1 80 

62*2 

( 51. '50 

M 7 

J » 

26-4 

139 

70 

43-3 

70 

59*6 

87::0 

1 *65 

1 1 

30-3 

176 ! 

127 

29-4 1 

1 69 

58*6 

10 . 7(50 

2 0 

J ) 

i 

32-5 

202 

1 

1(52 

19 1 

68 

57*4 


In all the above eas(*s the equipment is not taxed to the limit of its 
ea})a(uty, and ample margin is allowed for making up time lost by slow- 
downs or signal checks. The hardest of the above schedules is the run 
of 5370 ft. at a scheduh^ speed of 25*5 inl.]).h. With easier schedules, the 
specific energy consumption would be lower, but the above may bi» 
consider(‘d as repr(*sentative schedules for electric suburban services. 

I*ART in. — ENfjROY Consumption (Alternating-Current 
Ec^uipmknts) 

The calculation (jf energy consumption with single-phase equipments 
is slightly more complicated than the above process, as the power factor 
has to bcj tak(ui into account. Moreover, the current during the period 
of initial acceleration is not controlled by rheostats, but by the applica- 
tion of definite voltages to the motor. Hence every notch, if desired, can 
be used as a running notch. 

Th(* method of procedure is, in general, siniilar to that employed 
with direct -current equipments, but, owing to the different method of 
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speed control, the current during the initial pciriod of acceleration is 
variable, and therefore the increment process must be applied to this 
period as well as to the succeeding periods. Curves of the accelerating 
tractive effort and speed (similar to Kg. 359) will, of course, be required 
for each operating voltage, and a knowledge of the currents at which 
the transitions are effected will also be necessary. 

The calculations involve only the application of the principles already 
discussed in detail, and should, therefore, present no difficulty. 

The curves of Figs. 369, 370, 371 have been calculated for a four- 
coach, 175-ton, suburban train (equipjx'd with single-phase motors) when 



iiolcli. 

running, on h-vel track, between stations 4600 ft. apart at an average 
speed of 25*3 ml.p.h. The current and power curves (Fig. 370) refer to the 
input to the high-tension side of the transforincr (i.e. the input from the 
6600- volt trolley wire), the current curve, however, showing the equivalent 
current per motor and not the total current. The powder factor and 
©flBciency curvi‘s (Fig. 371) also refer to the high-tension side of the 
transformer. 

The energy consumption is 11*85 kW. hours per train mile, and the 
specific energy consumption is 67*4 watt-hours per ton mile. 

The efficiency curve shows clearly that, although no rheostats are 
used during the starting period, the average efficiency is fairly low. 
Moreover, the average efficiency during the period of speed-curve running 
is below 80 per cent. The low efficiency in the starting period is due to 
the low iDowcr-factor and the relatively large losses in the motors, and 
this point is frequently ignored in comparisons between single-phase 
and direct-current equipments. Thus, comparing the efficiency curve 
given in Kg. 371 with that given in Kg. 367 for a gear ratio of 3-5, we 
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fed that, for the former cose, the mean efficiency for the first 12*5 seconds 
is 47-3 per cent, while in the latter case, the mean efficiency for the first 
14 seconds (i.e. the period of rheostatic acceleration) is 52*6 per cent. 

The sustained acceleration (which is clearly shown in the speed-time 
curve of Fig. 369) is a special feature of single-phase equipments, and is 
a result of the inherent characteristics of the motors and the method of 
voltage control. The feature is also possessed, though not to the same 
degree, direct-current equipments with field control (as will be apparent 
from an examination of the speed-time curves of Fig. 368). 

With three-phase equipments having rheostatic control, the torque 
during tlu' initial accelerating period may be maintained approximately 



Fm. .370. Fia. 371. 

Fff;s 370, 371. — Curront, Power, Fnieic'iioy, and Power-factor Curves for 
Molor-coneli Train Avith Single-phase Motors. 

eonstant, and therefore this period can be calculated in a single step, 
similar 1o the direct-current case. The period of speed-curve running, 
however, is of extremely short duration, owing to the “flat” speed- 
torque characteristic of three-phase motors. This period is, therefore, 
calculated in a single step. 

With multi-speed pole-changing equipments, starting is effected by 
varying the voltage applied to the motor and changing the number of 
poles. Hence, in this case the accelerating periods n\ust be calculated 
by the increment process, and torque-voltage curves (similar to Fig. 01) 
will be required for each winding. 

With multi -speed cascade equipments, starting is effected by rheostatic 
control — ^generally with automatically controlled rheostats — so that the 
calculations become very simple. 






CHAPTER XX 

TRAMWAY TRACK CONSTRUCTION 


In this country street tramway track is laid with grooved girder rails 
on a solid foundation of 6 : 1 concrete, at least 6 in. thick. Standard 
railway practice, on the contrary, aims at a resilient track, the resiliency 
being obtained by supporting the rails, at frequent intervals, on chairs, 
and fixing the latter to wooden 
sleepers on a ballasted founda- 
tion. This difference in the 
track construction of tramways 
and railways is necessary in 
order that the tramway track 
may bo suitable for ordinary 
vehicular traffic, and the 
grooved girder rail allows the 
paving to bo brought up close 
to, and level with the top of, 
the rail.* 

The grooved girder rail is 

standardiz(‘d in four sections, 
varying from 96 to 113 lb. per 
yard for straight track, liable 
XVII gives the priiKupal di- 
mensions of those sections, 
and Fig. 372 shows details of 
one section. The standard 
width of groove for straight 
track is l|in., but for curves 
below 150 ft. radius the groove 
is widened to IJin, 

The lip, or check, is 1 J in. 
below the tread on straight 
track, but is level with the tread on curved track. The position of the 
web of the rail «and the width of the base are such that the resultant 
of the forces, due to the weight of the car and lateral pressure of the 
wheel fianges, falls well within the base. 

Bails of standard section may be obtained in lengths of 35, 45, or 
60 ft. for straight track, and 35 ft. for curved track. The 45 or 60 ft. 
lengths are usually adopted on account of the reduced number of joints 
in the track. 



Fia. 372. — Diinonsions of B.E.S.A. No. S 
Tramway Rail and Fish-plates. Note - 
Fish-plat(?s are 2 ft. long and aro fustom d 
with six bolts. 


Composition of rails. Steel for tram rails may be made by either the 
Bessemer or the open-hearth process. When made by the Bessemer 
process* the limits of the impurities arc — 

Carbon ...... 0-5 to 0-0 per cent 

Manganese ...... 1*0 ,, 

♦ In tramways (or light railways) operating over a private right-of-way. the track 
is generally laid with sleepers and ballasted in the same manner as railway track. 
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Silicon ....... 0*1 i)er cent 

Phosplioriis ...... 0*05 „ 

Sulphur ...... 0*07 „ 

For the open-hearth process an average (joinposition is — 

Carbon ...... 0*65 per cent 


Manganese 
Phosp})oru.s 
Silicon . 
Sulphur . 
Iron 


0-8 

0*03 

014 

0*03 

08-35 


The influence of the various constituents on the physical properties 
of rail steel can be stated thus — 

Carbon, manganese, phosphorus, and silicon have a tendemcy, to 
harden. Manganese, in sufficient quantity, sccurtvs more uniform dis- 
tribution of the carbon, and, in large quantities, gives extreme toughness 
and ability to resist abrasive wear. St(‘(*l containing a large proportion 
of manganese is practically non-magnctic, and has a mu(;h higher electrical 
resistance thfin ordinary steel. Silicon, in larger quantities than those 
given above, will cause the steel to be irregular and brittle after rolling. 
Phosphorus produces greater hardness than carbon or silicon, but results 
in “ cold-shortness.” Sulphur has little effect on the tensile strength or 
ductility, but in excess of 0-08 per cent gives seams and cracks in rolling, 
and also “ hot -shortness.” 


TABLE XVI I 

Dimensions or British Standard Tramw.vy Rails and Fish-plates 


M’hamway Rails. | risii.ciATKs. 


u.s. 

Section. 

Weight 
of Kail 
(lb. per 
yard). 

Height 

of 

Rail. 

Width 

of 

Flange. 

33nc-k- 
ne.ss of 
M^eb. 

Overall 
Width of 
Head 
and Lij). 

Width 
of H('ad 
at 

Tn'ad. 

W<*ighl 
of Inner 
Plate. 

Weight 
of Outer 
Plate. 

6 

06-4 

in. 

in. 

in. 

in. 

n 

in. 

111. 

L'2J 

lb. 

27 

Or 

103-2 

1* 

** 

1 ; 1 ^ 
.\'2* .12 



’» 

- 

7 

10.3-7 

7 



i 

- 

26 

30 J 

Ir 

109-7 



iV,. i 

■tyi! 

99 

99 

ft 

8 

112-9 

* » 

7 

i 

3i5 


25 

- 

8c 

119-2 

1. 

>> 



- 

f * 

»» 

10 

95-4 

5 

6 

j 



lOJ 

i»i 

10c 

101-8 

” _J 


99 



n 

99 


Notks. c doiiotes section for curved track. SfHjlioiis Nos. <> Sc are in general use 
for street tramway track. Tho dwarf Sections, 10, 10c, are intended for carrying 
heavy loads on sleeper track. Tho depth of groove is I j^in. for Nos. 6, 7 ; 
IJin. for Nos. 6c, 7r, 8, 10; and 1 ,7^. in. for No.s. Sc, lOr. Tlie lip is Jin. for 
No. 6 ; i‘J,in. for Nos. 7, 8, 10 ; ‘H in. for Nos. 6c, 7c, 8c, 10c. Fish-plates an' 2 ft. 
long for Sections Nos, 6-8c, and 1 ft, Oin. long for Nos. 10, 10c. 
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Where rails are liable to excessive wear, it is desirable to use a high- 
silicon steel, made by the Sandberg process, having a composition as 
follows — 


(Carbon . 

, 



. 0-4 fMir cent 

Manganese 




. 1 *25 ,, 

Silicon . 




0-2 

Phosphorii.s 




0-07 

Sulphur . 




0-07 

Iron 




. 0701 


III the Sandberg process the silicon is introduci‘d- in the form of 
high -percentage silico-spiegel — after the crude steel has been purified. 
By this method the brittleness due to high silicon is avoided, and flu* 
steel is dense, tough, hard, and fine 


grained. The rail wear with this steel 
has been found to be from 35 per cent 
to 40 per cent less than that with steel 
made by the Bessemer process. 

Rail joints. Individual rails may 
be connected together mechanically by 
fish-plates, or may bo welded to form 
one continuous length. The fish-plate 
joint (Fig. 372) (ionsists of two curved 
plates — ^idaced one on each side of the 
web of the rail — with inclined or 



Fui. S73. — “ Contimious ’ Hail- 
joint. 


“fishing” surfaces fitting between the 

h(^ad and flangtJ of the rail, and bolted togt^ther with six bolts. It is 
essential that the fishing surfaces should be a good fit, .since the life and 
strength of the joint is dependent on this condition. As the life of a rail 
is largely influenced by wi^ar at the joint, and the latter is inaccessible 
for inspc'ction and adjustment, the importance of good joints on a 
tramway track is very great. 

A modification of the fish-})late joint is shown in Fig. 373, and is 
known as the continuous rail-joint. This joint provides larger bewaring 
surfaces than the ordinary fish-plates, as well as greater vertical stiffness. 

Where ordinary fish-plates are used, increased vertical stiffness can 
be obtained by bolting (across the joint) a short length of rail (inverted) 
to the underside of flange of track rail (see Fig. 391, p. 548). This method 
has been largely adopted, and it is also useful for anchoring purposes. 

Welded joints are extensively used at the present day, as this method 
of jointing the rails provides a solution to track troubles due to faulty 
mechanical joints. The processes in use are the “ Thermit,” the oxy- 
acetylene, and the electric arc. 

The Permit process of rail welding depends upon the fact that 
aluminium, in a finely divided state and under certain conditions of 
temperature, is a powerful reducing agent. Thus, if a mixture of iron 
oxide (FcgOg), flux, and finely divided aluminium is heated to about 
2000° F., an exothermic reaction takes place, producing a temperature 
of from 5000° to 0000° F., and giving molten iron and aluminium oxide 
(FcgOa + 2A1 -- 2Fe + AI2O3). In the practical application of the Ther- 
mit process, a powder, consisting principally of a mixture of finely divided 
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aluminium and iron oxide, is ignited (by a suitable ignition powder) in a 
special crucible arranged for tapping from the bottom, and the molten 
steel is run into a mould placed round the web and flange of rail. The rail 
ends and molten steel arc thereby fused together, and a butt weld at the 



FrtJ. 374. — Layout of Doublo Track with Simple (uy)por diagram) and Compound 
(lower diagram) Ckirves (singlc-truok car, 6' 6" wheel base, IS'^ minimum 
clearance btdwocn cui*s). 


rail bead is obtained by drawing together the special clamps (fitted to 
the rail ends) a few minutes after tapping the crucible. The mould is 
designed to give a band of metal, about 3 in. wide, round the joint, so 
that the strength is practically equal to that of the rail. 

In the oxy-acctylenc and electric arc methods of rail welding, fish- 
plates are spot-welded to the rail ends at each joint. The current for the 
electric method is obtained from a portable generator having suitable 
characteristics. 

Special trackwork. Trackwork at curves calls for special consideration 
whore the radius is bidow 150 ft. In these cases the curve should be 
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compounded with a spiral, in order to give an easier entrance, and to 
reduce the wear on wheel flanges and rails. With a spiral entrance the 
spreading of the track at the centre of the curve, to give the necessary 
statutory clearance of 15 in. between passing cars, is less than that 
required for a curve of uniform radius. This is shown in Fig. 374. 

Where curves below 50 ft. radius are traversed by single-truck cars, 
considerable wear oecurs on the cheek of the inner rail, due to the 
grinding action of the wheel flanges. In order to avoid having to renew 
a rail solely on account of a worn check, a modification of the standard 
rail with a renewable check has been developed.* 

The four types of renewable checks in use in this country are shown 
in Fig. 375. The Hadficlds* typo ( A) consists of a rolled plate of ‘‘ Era ’’f 
manganese steel. The Ftolt type (R) consists of a special check rail (of 
rolled manganese steel), which is keyed in chairs bolted to the web of 
the track rail. A rolled manganese steel check rail is adopted in the 
London County Council type {G), but in this case the check rail is bolted 
to the track rail, which is a special (“ step ”) rail without a lip. In the 



A n c j) 

Fig. 376 .— -Typos of Ronewablo Chocks for Tramway Kails. A, HadfioUls ; 
B, Holt ; 6', London County Council ; D, Bulfin. 


Bulfin type {D) the check is made in sections (of cast manganese steel), 
which are bolted directly to the web of the track rail. 

Points and crossings are required in connection with special track- 
work, such as loops or turnouts (passing places for cars on single lines), 
cross-overs, junctions, etc. 

All points are made of manganese steel, with the tongues and grooves 
shaped to standard radii (100, 150, 200, 300, and 350 ft.). The overall 
length may be from 10 ft. to 15 ft. 6 in., with tongues from 7 ft. 6 in. 
to 10 ft. long. Illustrations of typical modt^rn points are given in Figs. 
376, 377, 370.t 

Points can bo divided into throe classes, viz. (1) open or fixed points, 
sometimes called “ males ” ; (2) movable points ; (3) automatic or 
spring points. 

Open points have no tongues, and arc used in conjunction with 

Messrs. Hadficlds manufacture rails for curves in solid manganese steel, which 
material is able to resist successfully the grinding action of the wheel flanges. It 
should be remarked that, on curves, the groove is worn at the check on the inner 
rail, and at the trend on the outer rail. 

t ** Era (patent) manganese steel is a speciality of Messrs. Hadfields. The 
steel receives special heat treatment during manufacture : its chief properties are 
hardness, toughness, and ability to resist abrasive wear. 

X The author is indebted to Messrs. Hadfields for the illustrations of points and 
crossings in this chapter and in Chapter XXI. 



Figs 376, 377— Hadfields’ Tramway Points. Fic. 376, Open point ; Fio. 377, “ Hecla ” movable point. 
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movable points, but in some cases a pair of open points (or “ mates ”) 
are used under trailing conditions. 

A movable point has a tongue which is operated either by a crowbar 
or through lovers from the side of track. This class of point is used at 
turnouts, cross-overs, and junctions. 

An automatic point has a tongue which is spring controlled, and is 
operated by the flanges of the car wheels. The tongue is kept in position 
for one direction of traffic by a spring, and is therefore self-setting when 
operated as a trailing point by a car coming from the other direction. 

Very frequently a pair of movable or automatic points is used, as the 
use of double-tongue points conduces to smoother running than is possible 
where oj)en mates arc introduced. The tongues arc connected together 
by a suitable rod enclosed in a box. Fig. 378. Sometimes, where the 
points arc only trailed through, or where they are only faced for deviation 
in one direction (in which case the mechanism (controlling the tongues 



Kio. 378. Httdfields* “ Hadura ” Tramway Switches. 


is set for automatic return), the connecting rod is omitted. Each point 
of the pair is then independently control leci. 

Two examples of universal spring points (which may be used as either 
automatic or movable ])oints) arc shown in Fig. 877 and Fig. 379. 
The operating mechanism of the point of Fig. 377 is shown in Fig. 380. 
This me(ffianism consists of a spring ])Iunger (combined with a rocking 
lever to which the tongue of the point is me<ffianically connected. The 
fulcrum of the rocking lever A is adjustable, and may occupy any of 
the three positions shown, according to the class of ])oint desire(l. 

This point (Fig. 377) has other special features. Thus the body and 
the tongue are made of “ Era ’’ manganese steel, and the tongue is of the 
“ pitiless ’* variety. Tlu^ heel (or hinge) fits into a dovetail r(*ccss in the 
body of the point and is maintained in its correct position by an adjust- 
able block. A detail of the heel is shown in Fig. 381 ; the adjustable block 
being showm, detached, at A, and the adjustment ])acking pieces at i?. 
The dovetail recess in tlie body, and also the heel of the tongue, are both 
ground to give a perfectly fitting joint, while the whole of tlie underside 
of the tongue, and the bed (in the body) on which the tongue moves, are 
also ground to true surfaces. 

The latest improvement in heel-end design is shown in Figs. 379 
and 381(6). In this design the heel (or hinge) has a specially large bearing 
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area, viz. about 60sq. in.; and as the tread is carried through the 
centre, the rolling load is better distributed, and the wear is more uniform. 
The heel of the tongue is securely held down on its bearing surface by 
means of the sliding block, and the adjustment to take up any wear is 
automatically secured by means of a spring-operated adjusting wedge. 
The box containing the fittings at the heel end of this type of point is 
also used for drainage purposes, so that the point is drained at both ends. 



{a) Movable Poiiil. (6) Automatic Pulling (r) Autonuitir Pushing 

Point. Point. 

Fig. — Universal Operating Mechanism of Hadfiolds' ** Hecla ” Point. 


whi<;h, of course, facilitates the keeping of the tongue recesses free from 
silt, etc. 

Crossings are usually singh; castings of manganese steel. For turnouts 
and cross-overs they are standardized with angles from 1 in 4 J to 1 in 8, 
and lengths varying from 7 ft. to 11 ft. 

The applications of points and crossings to special track-work arc 

shown in the diagrams of Fig. 382. 

A turnout requires a crossing, an open point, and an automatic point 
at each end. 

A single junction or cross-over requires at each end a crossing and a 
pair of points, which may consist either of a pair of movable points or 
a movaUo point and an open mate. 
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IntcrUced Tr^ck 


Left- ha nd Cross -over 


Fig. 382. — Examples of “ SiM>cial ” Trackwork. 
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IG. 383. — Inlorlacing of Tracks at Double-track Junction 
(Track -work V>y Hadtields) 



Fig. 38-t. — OerJikon Point Magnet. (The tongue of 
tlie point is operated by a bell -crank lever fitted 
to the projecting spindle.) 
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A double junction or scissors cross-over requires four pairs of points 
and eight crossings, the points being of either the movable or automatic 
types for facing or trailing positions. Alternatively, movable points and 
open mates — arranged in pairs — may be used. 

Interlaced track requires only a crossing at each end. This form of 
special track-work is used at places (on a line of double track) where 
there is insufficient room for double track, and it possesses advantages 
over the use of single track at those places. Thus, points are not required, 
while the wear on the rails is uniform throughout the sections of double 
track and interlaced track. A practical example of interlaced track is 
illustrated in Fig. 383. 

Electrically-operated points. At junctions in busy thoroughfares it, is 
desirable to operate the points without manual labour, which can be 
arranged without difficulty on overhead systems. For example, the 
tongue of the point may be operated by an electro-magnet (one form of 
which is shown in Fig. 384) which is excited by the lino current from a 
special overhead fitting in advance of the junction. If the point is 
required to be operated, the motorman keeps the controller in the first 
power position when passing this contact, while, if the car is to run 
through, the controller is kept “ off.”* 

* Sea Journal of the Inatituiion of Electrical Engineers, vola. 35 (p. 587), 44 
(p. 470), for details of the Tiemey-Malone electrically-operated point-shifter. 



CHAPTER XXI 

TRACK CONSTRUCTION FOR CONDUIT TRAMWAYS 

The only example in this country of a conduit tramway is in London 
(London County Council tramways), and comprises 122 miles of route 
(96 per cent being double track) over the greater portion of which the 
traffic is exceptionally heavy. 

The principal features of the L.C.C. conduit system — which is of 
the* centre -slot type — are — 

(1) The track rails, together with the slot rails, are supported by 
“ extended ” yokes (weighing 400 lb.) at intervals of 7 ft. 6 in. 

(2) The slot rails are further supj)orted by “ short ” yokes (weighing 
200 lb.), spaced midway between the extended yokes. 

(3) The slot is 1 in. wide. 

(4) The conduit has a width of 16 in. and a total depth of 24 in. 

(5) The joints in the track rails are welded. 

(6) The insulator pockets ” are enclosed with non-removable covers 
cemented in position. 

Views of track construction in progress are shown in Figs. 385, 386. 

The procedure in laying the track is briefly as follows : The roadway 
is excavated and the yokes are placed in position. The track and slot 
rails are then plac(‘d in position and lined up, the slot rails being bolted 
directly to the yokes, but a hiirdwood packing strip (jj in. thick) is inserted 
between the flanges of the track rails and the (extended) yokes which 
support them. The gauge is adjusted with the aid of tajMU* keys (which 
can be seen in the foreground of Fig. 385), and the alignin(*nt of slot rails 
is effected by the tic bars at each yoke (Fig. 386). 

After the track rails havtj been lined up and levelli^d, tlu^ yokes are 
set in 6 to 1 concrete. The centering {A, Fig. 386) — by means of which 
the correct shape is given to the conduit — is next ])laced in position 
betw^cen the yokes, after which the paving strips B and box(\s G (for ^ 
the insulator j)ockets) are fixed, as shown in Fig. 386. The temporary ^ 
packing blocks under the track rails (see Fig. 386, left-hand track) are 
then removed, and the space up to the flanges of tlie rails is filled with 
6 to 1 coiKTcte. 

Other features of the track construction are — 

The centring (which is placed temporarily between the yokes to 
form the shape of the conduit) was originally constru(;ted of wood, but 
on straight track a collapsible sheet-iron centring is now used. This is 
constructed in lengths 3 ft. 9 in. long, and consists of two sheets, hinged 
together at the bottom, and pressed against the yokes by toggle joints 
at each end. When the concrete has set, the centring can be made to 
collapse, and can be extracted through openings which have been left 
for that purpose. At special track-work the w^ooden type of centring 
is used, and a portion of this is shown lying by the track in Fig. 386. 

The paving strips B (Fig. 386), w'hich consist of lengths of 2| in. 
by J in. wrought iron fitting in grooves in the yokes, are for the purpose 
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Fi(i. Track Construction in Progress, showing Yokes, Kails, and 

Tie-bars in Position. 



Frb. 386. -Track Construction in Progress, showing Centring in Position. 
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Section insulators, consisting of a 2 ft. gap in the conductor rails, are 
placed at intervals of half a mile, at which points cables are connected 
to the feeder pillars and sub-station. (See Chapter XXVI for details of 
these pillars.) Each end of the conductor rail is flared back IJin. in 



Fio. 388. — Insulator and Conductor Rail in Position in Conduit. 

A, Double Clip ; B, Eccentric Washer ; C-, Conductor Rail ; 

D, Bonds ; E, Insulator ; F, Slot Rail. 

order to prevent the shoes of the plough from fouling, and at these points 
each rail is supported by two insulators airanged as in Fig. 390. 

A “ plough hatch ’’ or “ plough box ’’ is usually fitted in the slot rails 



Fill. 389. - - Insulator Cover Plates. 

at each section insulator. This consists of two removable plates, each 
about 3 ft. long by 4 in. wide, which, when removed, leave a fairly large 
opening over the conduit, through which a plough can be withdrawn. 

Special work. In conduit tramways the track-work at cross-overs 
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and junctions is considerably more complicated and costly than that at 
similar places on tramways operating on the overhead system, since not 
only must a clear passage be provided under the roadway for the plough, 
but special points are required for the slot rails as well as for the track 
rails. The amount of exposed metal at the road surface will, therefore, 
be considerable, while the amount of metal below the road surface will 



Sectional Plan, showing Plan, showing Yolo^s, 

Section Insulator and Plough Box, and In- 

Cablo Connections. sulator Cover-plates. 

Fio. 390. — Section Insulator and Plough Box (L.C.C. Tramways). Note — The cable 
ducts from conduits to feeder jHllar are shown in dotted lines. 

be still greater, on account of the extra yokes and gussets which are 
required for supporting the special work. 

The nature of the special work for a double -track crossing is shown 
in Fig. 391, and the special work for a cross-over is shown in Fig. 392. 
These illustrations refer to track-work for the L.C.C. tramways, and 
show this work assembled on the lay-out floor at Messrs. Hadfields’ 
works. Only the special work is shown assembled, the standard yokes 
and other fittings being omitted. 

The points, crossings, and other parts subjected to wear are con- 
structed of manganese steel, while the remaining portion (with the 
exception of the rails and fastenings) is of cast steel. It will be observed 
that the points in the slot rails are placed after those in the track rails, 
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Fia. 892. — Special Track-work for Left-hand Cross-ovor (London County Council 

Conduit Tramways). 
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so that the car will be on the correct road before the plough meets the 
points. 

The points for the slot rails are of a special d'^sign, and are shown in 
Fig. 393. Each slot-point consists of two leaf-tongujs, which move 
under protecting covers, the latter being flush with the road surface. 





Fig. 393.* -Hudfi Cfiitro-slot Point for Conduit Tramways. 
View with protecting covers roinovod, showing loaf tongii?8 
and operating mechanism 


"I'lie tongU3s are op^irated, through suitable mechanism, by a lever 
inserted in a slot at the side of the track. (In J^^ig. 393 the covers have 
been removed to expose the tongues and operating mechanism.) In 



Fig. 394. Arrango:in iiL of Conductor Rails at Double Track Junction. 

the straight-run-through position one leaf-tongue guides the plough 
past the throat of the point, while in the branch position this tongue 
moves under its cover-plate, and the other leaf-tongue moves out to 
guide the plough to the branch track. 

In order to provide a clear passage for the plough in each direction, 
it is necessary to insert long breaks — amounting to 12 ft. or more — in 
the conductor rails, the disposition of the latter being indicated in 
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Fig. 394. At important junctions the various sections of the conductor 
rails are connected to switches in feeder pillars, and in other cases they 
are interconnected by jumper cables laid in suitable ducts. 

The twin-slot is another example of special work which has been 
adopted in some parts of London where the road is not wide enough for 
double track. In this case a single pair of track rails is provided with 
two conduits, thereby avoiding the complication of slot points. 

Drainage. It is very important that efficient means be adopted for 
preventing any accumulation of surface water or mud in the conduit. 
The following method is adopted in London. The track rails are drained 
by drain boxes, connected to the conduit through Sin. pipes. (These 
drain boxes can be seen in Fig. 386.) The conduits are drained into 
sump pits, spaced at intervals of 120 ft. along the track, the pits being 
constructed of concrete and placed in the clearway between the tracks. 
Each sump pit has a maximum depth of 7 ft. 9 in., the catch-pit being 
3 ft. 6 in. deep by 3 ft. by 2 ft. The upper portion of the pit extends 
the full width between the conduits, which terminate at each wall. In 
this manner a depositing bench — ^for mud from the conduits — ^is formed. 
The removal of the mud and the flushing of the pit is performed periodi- 
cally. The catch-pit is connetded to the sower by a 9 in. pipe, the sill of 
which is 2 ft. 5 in. above the bottom of the pit. The mouth of the pipe is 
provided with an iron hood arranged to give a water seal 5 in. deep. 

It is, of course, necessary to provide nutans for withdrawing any mud 
from the bottom of the conduits into the sump pits, as the natural 
drainage cannot be relied upon to do this effectually unless the road 
is on a gradient. A scraper is used for this purpose, and is either manually 
operated or drawn through the conduit on a special framework attached 
to a car. 

Combined conduit and overhead trolley systems. On some parts of 
the L.C.C. tramway system the cars operate on both the conduit and 
overhead trolley systems. At the termini of the conduit system the 
plough is deflected into the clearway between the tracks, the conductor 
rails terminating a short distances previous to this deflection. The plough 
is run off the plough carrier on to a small trolley by the combined motion 
of the car and the deflection of the slot, the wc^ight of the plough during 
the transition period being taken on a special fork placed in the plough 
carrier by a tracksman . The plough, on its trolley, is then run into position 
for being placed on a car on the adjacent track. 
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THE TRAMWAY TRACK CONSIDERED AS AN ELECTRICAL 
CONDUCTOR 

In tramways oporating on tho overhead system the track rails, in 
conjunction with feeder cables, form the return conductor to the negative 
terminal of the generators. The electrical properties of tho rails and 
track therefore require consideration. 

Tho specific resistance of steel, having the same composition as 
standard Bessemer tram rails, averages 7*5 microhms per inch cube at 
a temperature of 20*"" C. TIk; cross-sectional areas of rail sections Nos. 6, 
7, 8 are 9*64 sq. in., 10*37 sq. in., and 11*29 sq. in. respectively, and the 
resistances per foot are 9*33, 8*07, 7*96 microhms respectively. 

Track as electrical distributing system. From these data we observe 
that tho resistance of a mile of continuous rail is of the order of 0*05 ohm. 
But when a track is laid with commercial rail lengths jointed mechanically, 
tho fish-plate joints liavc a high resistance relative to the rail. Therefore, 
to obtain good cojiductivity for the track as a whole, either this type of 
joint must be eliminated by welding the rails, or it must bo supplemented 
with a good conductor or “ bond.” 

A rail joint having a low resistance is necessary, not only for reasons 
of economy, but on account of statutory regulations, which limit the 
voltage drop in the rails to 7 volts and the voltage between any pipe and 
tho rails to 1 volt positive and 3 volts negative. 

These regulations were made at a time when considerable trouble 
was being experienced (duo to the corrosion of water and gas pipes 
and lead cable sheaths) by the stray currents resulting from imperfect 
bonding of the rail joints. The magnitude of this corrosion has been 
demonstrated by Mr. I. H. Farnhaiii, in a paper on “The Destructive 
Effect of Electric Currents on Subterranean Metal Pipes.”* In this 
paper it is shown that the corrosion of the pipes was due to {a) tho positive 
terminal of the generator being connected to the rails, and (6) imperfect 
bonding of the rail joints, so that the pipes acted as feeders to the rails. 
Tho current left tho pipes for tho rails at numerous points, and as each 
point, with tho surrounding soil and rails, formed an electrolytic cell in 
which the pipe was the anode, the corrosion was considerable. 

The methods adopted as a remedy for these troubles were: (1) to 
connect tho negative terminal of the generator to the rails ; (2) to bond 
tho rail joints and cross-bond the rails ; (3) to bond pipes to the rails 
when the former were in close proximity to the latter ; (4) to lay cables 
from tho negative bus-bar to tho pipes which were positive to the rails 
under the now conditions, tho object of the cables being to lead the 
current out of the pipes by a path of low resistance. 

The first thnjo methods are incorporated in the Ministry of Transport 
Regulations, and the fourth method has been superseded by the more 

. , ♦ Trana. A.I.E.E., vol. 11, p. 191. 
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satisfactory method of limiting the voltage drop in the rails (i.e. the 
E.M.F.s causing leakage currents). 

In order to maintain the voltage drop in the rails within the limit of 
7 volts, “ negative ” feeders will usually be necessary (i.e. cables con- 
necting various points of the rails to the negative bus-bar). With a 
properly designed feeder system and the voltage drop in the rails within 
the above limit, there are practically no corrosion troubles, even on 
extensive tramway systems.* 

Bonds. Modern bonds are of the flexible type and are designed to be 
as short as the conditions of location will permit, in order to reduce to a 
minimum the resistance of the joint. 

The bonds are usually fixed under the fish-plates, as shown in Fig. 395, 
aS they are then jirotected from damage when repairs to the paving are 



Fia. 395. — Location of 12 in. and 8 in. Protected l^ozids on Tramway Rails. 

being carried out. A typical bond in common use has a cross-section 
equivalent to 4/0 B. & S. gauge (O-IOG sq. in.) and consists of 24 strands 
of flat copper wire (0-193 in. x 0-036 in.), with terminals J in. in diameter 
by I in. long, and shoulders (wliicli are the thickest parts of the bond) 
Jin. thick. Two sizes are used in connection with standard rails, one 
(12 in. long) suitable for rail section No. 6, where only one bond can be 
placed on the same side of the web, and the other (8 in. long) suitable 
for rail sections Nos. 7 and 8, where two bonds may be placed on the 
same side of the W(ib. 

Bonding. The terminals of the bonds are expanded into the rail, 
under a pressure of 20 to 30 tons, by a screw or hydraulic press. 

A typical screw press is shown in Fig. 396. The out(‘r (square -threaded) 
screw, carrying the handwheel and hexagonal nut, is for clami)ing the 
press to the rail ; the head of the press bearing against the shoulder of 
the bond, and the end of the screw against the web. The inner screw is 
for expanding the bond terminal, and the end in contact with the bond 
is pointed. When this screw is tightened, the bond terminal is expanded 
into the rail, and a button-head is formed on the terminal on the opposite 
side to the shoulder. 


* Journ, LE,E., vol. 43, p. 464. 
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When welded rail joints are adopted, it is general practice to fix one 
bond over the joint in order to obtain increased conductivity. 

In addition to bonds between the rail joints, the rails are cross- 
bonded at intervals of 40 yd., and on double track cross-bonds are 
fitted between the tracks at intervals of 80 to 100 yd. At junctions 
and special work, the rails should be bonded independently of the points 
and crossings. For these purposes bonds consisting of stranded cable, 
with forged copper terminals, are employed, the heads of which are 
expanded into holes in the rail. 

Resistance o! bonded joint. The contact resistance of a bond terminal 
in a rail is largely influenced by the state of the hole and the terminal at 
the time of bonding. In order to obtain the minimum contact resistance, 
it is necessary that the hole and the bond terminal be both clean, dry, 



Fro. 39(). — Metliod of Fixing Protected liondH with 
Scre w Pn*.sH. 


and bright. Tests have shown that the contact resistance of a | in. 
terminal, in a rail with a wtd) \ in. thick, may be as low as two microhms 
when the hole and bond are very clean. A thin film of oil or oxide on the 
bond or hole is sufficient to increase this resistance two to three times 
the original value. With fish-plates j)roperly fitted, the resistance of a 
joint without bonds may be 20 microhms (or less), but this value will 
be considerably increased when any looseness occurs between the fish- 
plates and the rails. Taking the value of 20 microhms for the resistance 
of the fish-plate portion of the joint, the total resistance of a joint (for 
rails weighing 104 lb. per yard), bonded with two 8 in., 0*166 sq. in. bonds 
under the fish-plates, will be about 10 microhms,* which is equivalent 
to 15 in. of rail. If the contact resistance of the fish-plates increases, the 
resistance of the joint will increase, and would ultimately become (with 
infinite fish-plate resistance) 22 microhms, which is equivalent to 31 in. 
of rail. 

* Obtaimd as follows: Conductor resistance of each bond =» 38 microhms; 
contact resistances per bond (say), 7 microhms ; resistance of two bonds fitted to 
rail, 22 microhms; combined resistance of bonds and fish-plates, 10*5 microhms 
(taking contact resistance of fish-plates as 20 microhms). 


CHAPTER XXIII 

Conductor Ratios and Track- Work for Electric Railways 

On electric railways the track rails in many cases arc used as the return 
conductor. 

The bull-head type of rail is used for the track by all the large railways 
in this country, while the Vignoles or flat-bottomed rail is generally used 
in America. Particulars of standard sections of bull-head rails are given 
in-Table XVIII. 


TABLE XVTII 

Data of Standard Bull-head Railway Rails 


B.S. socUon (indicapt- i 
ing the weight in >■ 
lb. per yard) ) 

00 

05 

70 

75 

80 

85 

90 

96 

100 

Height of rail (in.) 

43 

4| 

5 


53 

5'/: 

5.1; 

5.;] 

5i? 

Width of head (in.) 

2.'., 

2i 

o 
- 1 


2 1 II 

21,\ 

2| 

21 

2i 

Thickness of web (in. ) . 

17 

1 J 

1 <i 

1 '» 

1 i 

& 

•i 1 
•» 

1 1 

1 (1 

1 

1 

1 

Cross-sectional area j 
(sq. in.) y 

6-87 

6-34 

0-88 

7-32 

7-8 

8-33 

8-81 

9-28 

9-8 

Perimeter (in.) 

10-04 

1 

16-87 

n-s.! 

18-34 

18-76 

18-93 

19-01 

19-06 

19-11 


The chemical composition depends upon the process of steel rnanu 
facture and the carbon content. The limits for the impuriti(\s arc — 


Carbon 
Manganose 
Silicon 
Phosphorus 
Sulphur . 


0-4 to 0-05 pt'r cent 
0’7 to 1-0 ]>or cent 
01 to 0-3 i:Mir cent 
0-04 to 0-075 per cent 
0-05 to 0-07 per cent 


Several railways, however, have their own special composition for 
rails, and in many cases rails made by the Sandberg process are in use. 

Whore the track rails are used as the return conductor, the voltage 
drop fn the rails is limited to 7 volts on systems operating with 
direct current, and to about 15 volts on systems operating with alter- 
nating current (since (dcctrolytic effects are much smaller with alternating 
current than with continuous current). The track-rail joints are bonded 
in a manner similar to those on tramways, and cross-bonds are fixed 
between the rails, and also between the tracks, at frequent intervals. 
On alternating-current railways the rails are also bonded to the structures 
supporting the overhead conductors. 

The ohmic resistance of steel rails to alternating current is much 
higher than the resistance to direct current, due to the non-uniform 
distribution of current through the cross-section in the former case. On 
account of the magnetic properties of the rail, the alternating current is 
practically confined to a thin surface layer of a few millimetres. In 
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addition to this increase of resistance, the magnetic properties of the rail 
considerably increase the inductance. If alternating-current traction 
were adopted on a large scale, it might be desirable to use a rail of poor 
magnetic quality, e.g. one containing a fairly high percentage of man- 
ganese. The increased cost of such a rail would have to be balanced 
against the decreased cost of feeders and the wearing qualities. The 
inductance and resistance of rails, and their influence on the design of 
feeders for alternating-current railways are treated in Chapter XXVI. 

On direct -current railways the current is usually supplied to the 
trains through one or two conductor rails, the latter number being 
adopted when the track rails are not used as the return conductor. 
The w'car on conductor rails is only that due to the friction of .the 
collector shoes, and, as the strength of the rail is unimportant, the 
design, as far as the cost will permit, can be made from an electrical 
standpoint. The principal considerations, other than conductivity and 
cost, are: (1) the coni act surface available for the colh'ctor shoes ; (2) the 
shape cf the section (with efcrence to installation and insulators) ; (3) the 
wearing qualities. 

Steel is adopted for reasons of economy, and the composition is 
arranged so that the highest conductivity is obtained consistent with 
the above conditions. The influence of the chemical composition of iron 
and steel on the electrical resistance is shown in Table XIX.* 


TABLE XIX 

Variation of Resistance of Iron and Steel with Chemical 
COMFOSITION (J. A. CaIT) 


Iinpuritiei. 

Resist- 
a nee 

1 

Tempers 

tiirc. 

Carbon. 

gaiiese. 

rho8- 
pbo] us 

Silicon. 

Sulphur. 

relative 

to 

Copper. 

per cent. 

per cent. 

per cent 

per cent. 

per cent. 


Dep. C. 

()-33 

1-27 

o-oy 

0-05 

0-05 

13-2 

19 

0*17 

1-00 

0-09 

0-004 

0-054 

1212 

20 

0-22 

1-08 

0-1 

0-05 

oor > 

11-51 

20 

0-36 

0-87 

0-08 

0-04 

0-09 

10-04 

19 

0144 

0*40 

0-00 

Trace. 

0-08 

8-42 

23-5 

005 

0 - 1 'J 

0-051 

0-03 

0-059 

0-4 

19 

Olf ) 

0-074 

0-12 

0-1 

0-027 

7-41 

26 

0-08 

Nil. 

013 

0-024 

0-008 

7-11 

25-5 

017 

0-027 

0-074 

0-077 

0-022 

6-70 

25-5 

0-00 

0-1 

0-014 

0-012 

Trace. 

6-17 

24 


llemarks. 


Track rails. 

I Conductor rails. 

Refined bar iron. 

1 Special refined bar 
/ iron. 

Swedish iron. 


Of the impurities usually found in steel, carbon and manganese have 
the greatest effect on the resistance. Considering pure iron, the addition 
of carbon increases the resistance fairly rapidly until 0-3 per cent of 
carbon is reached, after which the increase of resistance is practically 
proportional to the increase of carbon. Manganese has a much greater 

♦ Traiisactiona of American Institute of Minhig Engineers, vol. 34, p. 400. Paper 
by J. A. Capp on “ Tests of Steel for Electrical Conductivity.” See also the 
investigations of Barrett, Brown, and Haddeld in the Transactions of the Royal 
Society of Dublin, vol. 7, Series 2, Part 4. 




/X 


Positive Rail and Negative Rail and 
Insulator. Insulator. 

Fig. 398. — Method of Mounting “ Solid ” Typo Conductor Rails. 


surface. For instance, the contact surface may bo at the top, bottom, or 
side of the rail. Hence the classification of the rails becomes: (1) top- 
contact rails, (2) under-contact rails, (3) side-contact rails. 

The top- contact rail is adopted universally for low- voltage (600 volts) 
electrifications in this country. The side-contact rail was developed for 
the 1200-volt electrification of the Manchestcr-Bury section of the 
London, Midland and Scottish Railway. The under-contact rail is adopted 
in America for both liigh- and low- voltage lines. One advantage of this 
type of rail is that the contact surface is protected from snow, sleet, and 
ice. 
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The type ol section adopted for top-contact conductor rails is usually 
the Vignoles or flat-bottomed section, although channel and special 
rectangular sections have been used in some installations. The con- 
ductor rails for the early electric railways were of channel section, and 
were very light in weight, the original conductor 
rail (installed in 1890) on the City and South 
London (Tube) Railway weighing only 10 lb. per 
yard. The conditions of modern traffic, however, 
require a much heavier rail, and sections weighing 
100 lb. per yard are generally used for urban and 
suburban r^ways. 

A bull-head section is employed for under- 
contact rails, and a special angle section for 
side-contact rails. 



Mounting. Methods of mounting typical low- Fia. 401. — Aspinall Side- 
voltage conductor rails and insulators are shown RaiMor l^oO^VouT 
in Figs. 397-9. Fig. 397 shows the type of rail 

and insulator which has been standardized for low- voltage electrifications 
in this country. The rail (which usually weighs 100 lb. per yard) rests 
on a malleable-iron cap which is fixed to the top of a petticoated “ pedestal 
type ” porcelain insulator, the base of which rests directly upon one of 
the sleepers carrying the track rails, and is secured in position by two 





Fig. 402. — Double Track oquipiied with Aspinall Side-contact, 1200-volt, 
Conductor Rails (Lancashire and Yorkshire Railway). 


malleable-iron clamps. The insulator is a considerable improvement over 
the earlier types with metal bases, as the whole distance between the 
sleeper and the conductor rail is utilized for insulation, thereby obtaining 
a maximum length of leakage path. The wide petticoat is also advan- 
tageous in keeping the lower part of the insulator dry. 

Fig. 398 shows the typo of conductor rail and tubular earthenware 
insulator in use on the tube railways of the London Electric Railways. 
The difference in the shape of the insulators for the positive and negative 






Fig. 403. — Cross -sect ions of Single-track, showing Location of Conductor Rails. -4, Southern Rly. ; 
R, C, London, Midland & Scottish Rly, (R, Lancashire fiOO-V. lines; C, 1200-V. Lines); D, Metro- 
politan and District Rlys, and London, Midland & Scottish Rly. (London Lines) ; E, London Electric 
(Tube) Rlys. ; F, New York Central Rly. 
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conductor rails is due to the short length of the sleepers. The location 
of the insulators and conductor rails with respect to the track rails can 
be seen in Figs. 403, 406. 

The method of mounting low-voltage, under-contact conductor rails 
is shown in Fig. 399. The rail is supported from cast-iron brackets 
(fixed to the sleepers) by means of special porcelain insulators, which are 
in halves and are hold in position by a hook bolt. The portion of the rail 
between the insulators is protected by either wooden or fibre protection, 
so that only the lower (or contact) surface of the rail is exposed. 

Conductor rails for high-voltage circuits. When conductor rails are to 
bo used on high-voltage circuits, the insulation and protection of the rail 
must bo given special consideration. As far as protection is concemejd, 
the under-contact and side-contact types possess advantages over the 
top-contact type. 

The high-voltage, under-contact rail, illustrated in Fig. 400, was 
developed by the General Electric Company for 2400-volt circuits. The 
general features of the low-voltage type have been retained, but the 
insulation and protection have been modified. The conductor rail (of 
bull-head section) is held in special clips, which arc fixed between two 
insulators in the manner shown in Fig. 400. The protection consists of 
an inverted trough of wood, which is maintained in position on the 
conductor rail by means of porcelain distance pieces. 

The side-contact type of conductor rail is due to Sir John Aspinall, 
and is installed on the Manchesier-Bury (1200- volt) section of the London, 
Midland and Scottish Railway. A drawing of the rail, showing the pro- 
tection and method of mounting, is given in Fig. 401,* and a view of the 
track equipped with this type of rail is shown in Fig. 402.* 

Referring to Fig. 401, the conductor rail C (which weighs 851b. per 
yard) rests upon a block of wood B, located in a recess formed in the 
top of the porcelain insulator A, The latter is of the pedestal type, and 
is fixed to the sleeper in the usual manner. The two wooden protecting 
guards, E, F, project 1 in. below the flange of the conductor rail, and 
thus prevent the possibility of the permanent-way staff coming into 
contact with the underside of the rail. This projection of the guards 
below the flange of conductor rail also prevents transverse movements 
of the latter. 

Attention must be directed to the shape of the inner protecting guard 
F. This guard is sawn out of the solid in order to avoid the possibility 
of any nails or screws coming into contact with the conductor rail. 

The protecting guards rest upon ledges formed on the insulator, 
while the guards and the conductor rail are maintained in their correct 
positions by means of distance pieces D, spring clips 0, and keys H 
(which are standard permanent- way keys). The distance pieces D are 
placed at intervals where it is found that they are necessary. In this 
manner a space J in. wide is obtained between the flange of the conductor 
rail and the outer protecting guard, so that no accumulation of water 
can occur inside the guards. 

The positions of the conductor rails with respect to the track rails 
will depend on the type of conductor rail and the rolling-stock gauge. 


* See Fig. 238 for view of the collector shoe. 
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In this country the following standard positions have been adopted for 
top-contact conductor rails — 

(а) When the conductor rail is located between the track rails: centre- 
line of conductor rail to coincide with the centre-line of the track rails, 
and the top of the conductor rail to be 
1 J in. above the top of track rails. 

(б) When the conductor rail is 

located outside the track rails : centre- 
line of conductor rail to be'l ft. 7 Jin.* 
from gauge lino of nearest track rail, 
and the top of conductor rail to be — Flexible Box d for 

3 in. above the top of track rails. Conductor Rails. 

dross-sections of single track for typical electric railways are given in 
Fig. 403. In these diagrams the protection of the rail at stations is also 
shown, this protection (for top-conta(;t rails) being in the form of wooden 
boards fixed on each side of the conductor rail. The track rails form the 
return in examples A, B, C, F. In cases B, C, they are supplemented 
by uninsulated conductors which are bondi’d to the track rails. The 




Fia. 406. — Bonding for 100-lb. Conductor Rails, Note. — Each bond baa 
a cross-section of 0-35 sq. in. 

square cross-section in example C was adopted in order to reduce the 
area exposed to the atmosphere, and therefore minimize corrosion.t 

Bonding of conductor rails. As the conductor rails are used solely as 
electrical conductors, and on a largo system may have to carry currents 
of 2000 amperes for short periods, it is necessary to bond the joints to 
the full current-carrying capacity of the rail. The bonds are similar in 
type to those used on tramways, but are flexible, shorter, and of larger 
cross-section. 

* This dimension is 16 in. for tho London Railways. 

t Tho corrosion of conductor rails is considerably greater than that of track rails 
See Sir John Aspinall's Presidential Address, Proc, p. 436. 
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A typical bond (for the Vignoles type of rail) is shown in Fig. 404, 
and a drawing showing the bonding for a 100 lb. conductor rail is given 
in Fig. 406. The bonds shown in these illustrations have solid heads, 
which are expanded into the rail by a hydraulic press. In some cases, 
however, bonds with hollow heads are employed, which arc expanded 
into the rail by drift pins.* 

Feeder cables (and jumper cabh's) may be connected to the conductor 
rails by means of either several bonds with cable sockets, or a special 




Ordinary Negativt litsuklur 



Fig. 407. — Detail of Doulton’s Conductor Rail Insulators, 
and Motliod of Anchoring Conductor Rail. 


copper plate (which is provided with cable sockets) bolted to the web of 
the rail. An example of the latter method is shown at A in Fig. 406. 

At cross-overs and special track-work it is necessary to insert gaps 
in the conductor rails. The continuity of the various conductor rails of 
similar polarity is maintained by jumper cables. 

In Fig. 406 is shown a view of the conductor rails at a cross-over 
road. It will be observed that the ends of the conductor rails are formed 
into ramps, by means of which the collector shoos are prevented from 
fouling when a train is passing over the special track- work. 

In order that the supply of current to the train shall not be inter- 
rupted when it is passing over special track-work, the distance apart 
of the front and rear collector shoes must be greater than the longest 
gap in the conductor rails. In some cases (for example, in locomotives, 
single motor coaches, and motor-coach trains for tube railways, where 
no “ bus lines ” are allowed on the train) it will not be possible to fulfi 

♦ “ Electrical Equipment of Track on the Underground Railways of London, 
paper by Mr. A. R. Cooper, Joum. I.E.E,, vol. 65, p. 389. 
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this requirement, and under those circumstances the train will have to 
coast over the gap. 

At largo freight yards it will not be possible to install conductor 
rails, as, in addition to the complication to the track and the danger 
to the shunters, the lengths of the gaps would be too great to be bridged 
by the collector shoes on a locomotive, and in shunting operations it 
is essential that the locomotive should be able to obtain current at any 
position. Overhead work must therefore bo erected at these places, 
and the locomotive must be equipped with a bow collector. 

The conductor rails are divided into sections of convenient length, 
and the section insulators are usually arranged near the sub-stations. 
(The feeding and switching arrangements for the conductor rails and 
section insulators are discussed in Chapter XXVI.) Each section is 
anchored at one point, cither by bolting to the rail a special anchor 
clip and anchoring one of the insulators, as shown in Fig. 407,* or by 
means of insulated anchor ties. 

* Messrs. Doulton & Co. (fo whom tlio author is ind^bled for Fig. 407) have 
informrd the author that tho typo of anchor insulator illustrated, and the method 
of anchoring to tho sletjpor, are covert'd by their patent, but tho special rail clips 
used in conjunction with tho anchor insulators arc covered by the patent of Mr. H. 
Scott, of tho London, Midland and Scottish Railway. Tho method of anchoring 
has also b3en adopted on tin Southern Railway. 
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Chemical Composition, Resistance, and Data of Conductor Rails on British Railways 
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CHAPTER XXIV 


OVERHEAD CONSTRUCTION FOR TRAMWAYS AND TROLLEY-OMNIBUS 

ROUTES 

Overhead construction has been standardized for a number of years, 
and modern installations show only improvements in a few details. 
Statutory regulations require the trolley wire to be erected at a minimum 
height of 17 ft. above the street surface (except under bridges), and to be 
supported at intervals not greater than 120 ft. Further, each trolley wire 
must be divided into sections, not exceeding one-half of a mile in length, 
with an emergency switch between every two sections. 

In addition to satisfying these requirements, tlie trolley wire must 
be designed to fulfil its function as an ele(;trical conductor and to with- 
stand the mechanical stresses due to temperature variation, etc. 

Trolley wire. The material in general use is hard-drawn copper, but 
alloyed wire has better wearing qualities, owing to its being uniformly 
hard throughout, whereas, with hard-drawn copper wire the hardness 
is confined to the outer skin. The (ihief objection to alloyed wire is its 
high specific resistance, which exceeds twice that of copper. 

The chief mechanical and electrical properties of copper and alloyed 
wire are — 


Itard-drawn 
copper wiic 

Ultimate tensile strength (tons per .sq. in.) 23 to 26 
Elastic limit (tons per sq. in.) . . 7*5 to 12*5 

Young’s modulus of ehisticity (lb. ])er 

sq. in.) . . . . . . 18 X 10® 

Specific resistance (60° F.) (ohm per in. 

cube) 0-69 x 10"® 


Alloyed (phono- 
electric) wire 

31 to 35 
24 to 25 


18-14 X 10® 
1-61 X 10® 


The form of cross-section is either circular or grooved circular (Fig. 
409). Grooved wire is employed exclusively in all modern installations 
owing to its advantages over plain circular wire. Thus, (1) soldering 
during erection is eliminated, as all suspension fittings are fastened by 
clips ; (2) smoother running of the trolley wheel is obtained, owing to 
the clipped fittings offering less obstruction than soldered fittings ; and 
(3) the grooved wire can be erected quicker than circular wire. 

Support of trolley wire, Tlie trolley wire is supported and insulated 
from a transverse si)an wire by means of a steel bolt screwed into a 
gun-metal ear attached to the trolley wire, the bolt being insulated from, 
and held in, a hanger attached to the span wire. The span wire is sup- 
ported from poles and is insulated therefrom. There is, therefore, double 
insulation between the trolley wire and earth. 

Various types of ears are illustrated in Fig. 408. 

The suspension bolts are of two standard sizes, viz. |in. and Jin. 
Formerly they were of the insulated type, the head and body being 
insulated with moulded insulation to standard overall dimensions, to 
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fit uninsulated gun-metal or malleable-iron hangers. Present-day practice 
favours the use of uninsulated sherardized bolts and insulated hangers 
with porcelain insulation. 

Alternatively, the ears may be bolted directly to the hangers (by 
uninsulated bolts), and the latter insulated from the poles and span wires 
by a double set of porcelain strain insulators. 

A further method (which has been introduced for trolley-bus routes) 



C 



D 


Fia. 408. — Typps of Ears for Trolley Wire (British Insulated Cables). 
A, straight-line mechanical ear for grooved wire ; /i, ribljed ear 
for curves ; C, splicing ear ; D, combined ancdior and feeder oar. 


employs an insulated bolt secured to a bush of treated lignum vitae, the 
latter being clamped to a fitting attached to the span wire. 

Typical hangers arc shoivn in Fig. 409. 

On straight track the span wire supporting the hanger is above the 
level of the trolley wire, but at curved track the span wire must be on 
a level with the trolley wire, otherwise the hanger will bo pulled out of 
the vertical. Hangers for curA'es are called “ pull-offs»” the double pull -off 
being used when both sides of the span wire are in tension. 

The span wire is of stranded galvanized or sherardized steel, having 
an ultimate tensile strength of 29 tons per sq. in., and an elastic limit of 
20 tons per sq. in. The sizes in common use are 7/*125^ 7/-104'', and 
7/*083'^, for which the average breaking loads are 4550 lb., 3950 lb., and 
2400 lb. respectively. 

The wire may extend the whole width of the road (in which case it is 




Fia. 409. — Types of Hangers (British Insulated Cables). A, straight-line hanger 
(complete with porcelain insulator and screwed -in bolt) in position on span 
wire ; B, porcelain body of hanger with loose bolt ; O, straight-line hanger 
(old ty^) with insulated bolt; />, double pull-off with porcelain insulator; 
£/, Municipal Tramways Association's standard form of trolley wire, ear, and 
trolley wheel. 
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attached to poles on each side of the road), or a short length of span wire 
carrying the hanger may be attached to brackets carried from poles at 
the side or the centre of the tracks. These types of construction are known 
as span wire, side pole, and centre pole. The first two are the more 
common, as centre-pole construction is only adapted for wide streets 
or private right-of-way. 

Side-pole construction is generally used with single track, and with 
double track in narrow streets. The maximum length of the bracket arm 
is 16 ft., which allow’s the trolley wire to be fixed at a maximum distance 
of about 14 ft. from the kerb. A swivelling trolley head allows satis- 
factory operation to be obtained with the trolley wire 6 ft. from the 
centre of the track, and, under these conditions, the centre of the track 
edn be 20 ft. from the kerb. By working to these extreme limits this 
construction could be used with double track in streets 32 ft. wide, and 
with single track in streets 40 ft. wide. It is not always desirable, how- 
ever, to work to these limits, and span-wire construction is frequently 
adopted in streets below 30 ft. in width. 

Span-wire construction is suitable for double trac^k in any width of 
street, and is the only type of construction in use on some of the large 
tramway systems. 

The span-wire insulators formerly consisted of moulded material 
(consisting of asbestos, powdered mica, shellac, etc., compressed at a 
high temperature to the required shape), but porcelain is the only material 
employed in many modern installations. The attachment of the span 
wire to the insulators must be so arranged that the insulation is subjected 
only to compressive stress. 

Typical insulators are shown in Fig. 410. The composite “ globe *' 
insulator (manufactured by the Ohio Brass Co.) represents the latest 
development in moulded insulators. The strain is carried by two malleable 
iron castings, one of which is compressed over the other. The insulation 
between the castings consists of mica. Composition insulation is moulded 
around the central portion of the castings to protect the mica insulation 
from the weather and to increase the leakage surface. The moulded 
insulation is securely locked in position by the cup-shaped fianges formed 
near the eyes of the castings. A typical insulator of 2| in. in diameter 
has an average ultimate mechanical strength of 9000 lb., and a breakdown 
voltage, when dry, of about 14,000 volts. Corresponding values for the 
4 fin. X 2f in. size of porcelain loop insulator (B) are 10,0001b. and 
30,000 volts ; and those for the 3 in. x 3 in. size of porcelain link insu- 
lator (C) are 6000 lb. and 30,000 volts. 

Examples of bracket-arm and span-w4re construction for straight 
track are shown in Fig. 411. In all cases of bracket-arm construction the 
trolley wire is fiexibly supported from the bracket arm. This feature 
(i.e. flexible suspension) is essential in all overhead construction for 
tramways and railways, as any rigid parts of the trolley wire will be 
subjected to hammering from the collector, thereby causing sparking 
and excessive wear. 

Construction at curves. At curved track the trolley wire is maintained 
in position by means of pull-off wires. As the tension in some cases may 
be considerable, strain insulators must be employed for insulating the 
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pull-off wires from the poles. The adjustment of the position of the 
trolley wire is effected by tumbucklcs. (Formerly adjustable moulded 
strain insulators, called “ Brooklyns,” were employed.) 

The position of the trolley wire relative to the track depends on 
the type of car, length and elevation of trolley pole, super-elevation of 
track, etc. The ideal position can be obtained from a track plan by using 
a plan of the car wheel base and trolley pole as a template (as indicated 
in Fig. 412), allowing for super-elevation of the track when necessary. 
In practice, this position of the trolley wire would require the use of too 
many pull -off wires, and it is approximated by a number of straight 
sections, with the angle between sections limited to a minimum of about 




Fio. 410. — Types of Strain Insulators. A, “ 0.-T5.” globe; B, 
Prcscot porcelain loop-iyjK' insulator ; C', porcelain link-typo 

insulator. 


160 degrees, in order to avoid too sudden a change in the direction of 
motion of the trolley head. This point is of special importance, as 
sudden changes in the direction of motion of the trolley head not only 
cause excessive wear on the wire, but also increase the risk of the trolley 
wheel leaving the wire. The cars used on curves should, therefore, be 
longer and stronger than those on straight track. 

The general practice relative to the number of pull-offs on right- 
angle curves is to install seven on curves of small radius (50 ft.) and nine 
or more on curves of larger radius. 

With curves of very largo radius, where the distance apart of the 
pull-offs may be from 50 to 60 ft., the pull-off wire is usually attached 
to a bridle between adjacent poles. 

Fig. 412 is a diagram of the overhead construction at a double-track 
right-angle curve. This diagram shows the arrangement of the pull-off 
wires and the method of anchoring the straight lengths of trolley wire 
so as to render the straight sections and curves mutually independent 
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Hence, if an accident occurs on one of the straight sections, its effects 
are not transmitted to the curve. 

Special fittings. At junctions, frogs and crossings arc necessary for 
the guidance of the trolley wheel, ^ogs are of two types, one being 
fitted with a movable tongue — for use at facing points — u hilst the other 




Ne^*tive Trolley Vir$ 


Positive Trolley Wires 


Nogative Tmlky Wire 

f€£ T 5 


Fic. 411. Examples of Overhead ConsLruetion. .4, side- 
polo construct ion using “ gloho ” insulators ; /^, side- 
])ole construction using porcelain insulators ; D, Ey 
span-wiro construction u.sing porcelain insulators ; Fy 
construction for railloss traction (over-running trolley 
system) ; (7. construction for railless traction (under- 
running trolley system). 

is without a tongue and is intended for trailing use only. A two-way 
switch frog is shown in Eig. 413. 1"he tongue is inaintainetl in one position 
by a spring, and is niov(‘d to the other position by a wire operated by 
the point controller or pointsman. 

An automatic frog is shown in Fig. 414. In this frog (which can 
be used either for facing or trailing positions) the tongue is sid, for the 
branch line, by the trolley polo engaging the weighted lever (at the side 
of the frog), and is returned to its normal position when this lever is 
released. For satisfactory operation the frog must be fixed so that, 
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when a car is travelling on the branch line, the trolley wheel is on the 
frog when the trolley pole is making an angle of between 15 and 20 
degrees (horizontally) with the main trolley wire. 

A crossing is shown in Fig. 415. The grooves in the latter are for 
guiding the flanges of the trolley wheel. 

A section insulator is shown in Fig. 416. The central section B is 
insulated from the end sections A. C (to which the trolley wires are 



F[(J. 41(5.— So<M ion Insulator (Rroclcn ‘11, ^riinro. and Rogors). 


atta(died), and the princij)al strain is taken by the insulated bolts D, 
which are in the same horizontal plane as the trolley wire. 

Views of section insulators (ux'cled are show^n in Fig. 417, in which • 
the cables leading to the switch ])illar can b(i secui, and also the anchoring 
of the trolley wire on each side of the S(‘etion insulator. 

A diagram of the overhead construction at a junction, showing the 
arrangement of frogs, crossings, and section insulators, is given in Fig. 418. 




ig -(5043) 


Fio. 418. -Diagram of Overliead Constiiiction at Double-track Junction, a, special ears fitted with distance pieces 
to maintain trolley wires in correct relative positions ; 6, adjustable strain insulator ; c, crossing ; c, straight-line 
ear : /i, switch froir ; /o- trailing frog ; g, non-adjustable strain insulator ; turnbuckle ; P, pole ; SP, side 
pole with bracket arm ; .S7, section insulator. 
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Tho section insulators for the branch linos are carried on bracket arms 
which are anchored to poles on each side. 

Tho overhead construction at junctions on trolley-bus routes differs 
from that at similar junctions on tramway routes as the trolley wires of 
opposite polarity must be insulated from eac^h other at the crossings. 
Section insulators must, therefore, be inserted at these points. A special 
form of s(;ction insulator has been developed for this purpose, and is 
providc'd with special ends so as to fit dlre(;tly into the ends of the appro- 
priate frogs or crossings (which an^ of the standard type). 

Where bare telephone and telegraph wires cross the trolley wires, 
guard wires have to be erected, as detailed on p. fi93. 

Poles. These are of the tubular type, and usually consist of three steel 
tubes, of different diameters, shrunk together with telescopic joints. The 
overall length is 31 ft. : the length of bottom section is 17 ft. ; the 
middle and top sections are each 8 ft. fi in. long ; and each joint is I ft. 
fi in. long. Three standard sizes arc in use, viz. (1) “ light,*' suitable for 
pulls u]) to 75011). ; (2) “medium,** suitable for ])ulls up to 12501b. ; 
and (3) “ heavy,*’ suitable for pulls iij) to 2000 lb. The “ heavy ’* poles 
are only us(‘d for anchoring purposes or at curves where several pull-off 
wires are attached to one pole. 

Tho pole trimmings usually consist of a finial, fittcjd into tho top of * 
the pole ; two collars, slipped over the joints ; and a base, ornamented 
to suit tho requirements of the neighbourhood. Tho bracket arms of 
side poles consist of steel tubing, 2\ to Sin. in diameter, fixed to the 
poles by means of collars and tie rods. On span -wire construction it is 
usual to use a short brack(it arm of the type slu.n\m in Fig. 411 (E). 

The poles arc fixed in 6 ft. of concrete, with a concrete “ biscuit ** 

6 in. thick under the base. 'J’he thickness of concrete around the pole 
depends on the nature of the subsoil, and under normal conditions about 
8 to 10 in. is sufficient. Each pole is set with sufficient rake so that the 
tension in the span wire will pull it vertical. 

Calculation of Stresses in Trolley Wike and Span Wires 
Relationship between sag and tension for a trolley wire. A flexible 
wire, suspended horizontally and loaded only by its own weight, hangs 
in the form of a catenary.* But if the sag is small in comparison with the 
span the catenary is ])ractically identical with a parabola.j* With tram- 
uay overhead construction, the sag in the trolley wire rarely exceeds 

* Tfie gonoral equation of tlio catenary in — 

y ~ (^' + €"•**/«) -= a cosh y/a, 

where a is tho distance from the origin to tho vortex. 

If z is the height of Uio point x, y, above tho vortex (Fig. 4 It)), then 
z - y - a - a oosh x/a - a -- a (eo.sli xja - I ) 

Expanding, wo obtain 

s - a(l (xlan2\ -r {xla)*IM -1- . . .) 

- {x*l2a)[l -I- {xla)^ll2 h (x/a)V:hM) f . • .] 
which, if tlio second and succeeding terms aro nc'gloctod, l)ecomes 

:: - x“/2a, or a;* -- 2a.T, 
which is t]io equation to a ))arabo1a. 

t For example, if, in a catenary, tho sag is 1 per cent of tlio span, the sag of 
a corresponding parabola will bo of 1 jx^r cent srnallor than that of tlie catenary. 
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1 per cent of the span, and in these circumstances the wire may l)e 
considered to hang in the form of a parabola, in which case the sag will 
be proportional to the square of the span. 

Thus, if w is the weight (in lb.) of unit length of the wire and T is 
the tension (in lb.), then, by taking moments about one of the supports 
(.s, Fig. 419), we have 

Td - id X 

whence T — wl^/2d 

and 6 - wPI2T (44) 

The tension T is not uniform throughout the i])an, but increases 
slightly towards the supports. With small 
sags, however, the variation is jmiciically 
negligible. 

In this country, trolley wire is usually 
erected with a sag of 9 in. in a span of 120 ft., 
at a tem]>erature of about F. Hence, 
applj’ing Kquation (44) to these conditions, we 
have 1^126 -= 602/(2 x 0-75) 2400 so that 

T — 2400^/;. The following values giv(‘. the weight per foot of cop])er 
trolley wire — 

Size of wire (S.W.(h) .... 00 000 0000 

Weight per foot (lb.) .... 0'3G7 0-410 0-4S1 

Whence the tensions and stressi^s in these wires when erected (120ft. 
span, 9 in. sag) are - 


Size of wire (S.W.Ci.) 

00 

000 

0000 

Diameter of wire (in.) 

0-318 

0-372 

0-4 

Area of cross-section (.sq. in.) . 

0-005 

0-1087 

0-12.77 

Tension in Ih. (li-in. sag, 120- ft. span) 

sso 

ioor> 

1100 

Strcs.s (lb. ]Hn- s(i. in.) . 

0270 

0240 

0230 


Effect of temperature on sag and tension. A change in tenqxualure 
produces changes in the sag and tension, but in calcniating the sag at 
different temperatures the elasticity of the wire must be taken into 
account. For example, a decrease in temperature tends to reduce the 
sag, but the increased tension, due to the reduced sag, ])rodiice.s a 
stretching of the win*, so that the resulting change in the sag is smaller 
than that eahailated by ignoring the elasticity of the material. Thus, 
consider a wire suspended between two horizontal suppoi-ts, and let 

21 — distance Ix'tween supports 

Lf, = unstretched length of the wire at a temperature (F V. 

L\ = ■ unstrctched length of the wire at a temperature 0^° F. 

L — length of the wire «at a temperature S'* F., when erected with 
a sag d and a tension T 

= length of the wire at a temperature 0^ F., the corresponding 
values of the sag and tension being (5i, T^ 
a = eoeffi(;ient of linear expjinsion of the material 
E = Young’s modulus of elasticity of the material 
a — area of cross-section of the wire 
ic = weiglit of unit length of the wire. 
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"llicn, at a teinpeiaturc 0®, the extension due to the elasticity of the 
wire is L - L^yy and the strain is {L - L^yjlL^. The stress in the wire 
is Tja ; and, as Young’s modulus of elasticity = stress/strain, we have 
E ^ (T/a)/[(7v - L^)jL^, from which the unstretched length is obtained as 

L, L(\ + TlaEY^ (45) 

or approximately L^ -- L{i - T/aE) ..... (45a) 

'Jlio length (L) corresponding to a sag of <5 in a sj)an 21 is given with 
sufficient accuracy by 

L -^2f\i + ‘i(dm* .... (46) 

Substituting in equation (45), we obtain ^ 

L, = 2/1.1 I- Udma T/aE)-^ . . . (456) 

Now, if the temperature increases to 0^, the unstrctched length 
becomes ^^(l + a{0i - 0)), and when the wire is erected this length 

will be stretched to Lj, the corresponding values of the sag and tension 
being and 7\ respectively. 


and 


tVom equations (45, 46) we have 

L, W{1 + TJaE) 

L,=2l[l |-|(W] 


TJaE) 


Coiubining tliesc equations with equation (456) we obtain 


2/11 




Substituting for d and cSi, we have 




which, when simplitied by neglecting the ])roduct of small ([uantities 
(such as a(0^-0) (wl/T)^, ^T^{wllTYjaE, etc.), reduces to 


^{0, - 0) H + (^1 “ T)laE = 0 

or a(0i - 0) - /'A" “ 1/^^) + (^ “ A)/«^^’ • • (47) 

From this equation we can easily calculate the change of tcmperat»ure 
retjuired to produce a given change in the tension. If, however, we 
r(»quire the tension 7\ corresponding to the temperature 0^, the solution 


* The length of any curve of which the equation is known is given by 
L — /V[l h (dyldx)^\dx 

Applying this to the catenary y a cosli xja, we obtain L — a sinh xja. 

Expanding, we have 

L - a[xla -I- (a;/a)3/3! + (a:/a)6/5! 

^[1 + 4 {xlay] 

if the third and succeeding terms are neglected. 

In the case of a suspended wire, for which the span is 21, we have a; — 0 at rnid- 
sfian and a; - Z at end of span. Hence, the length of wire in one-half of the span is 
given by 

L III + Uwiiiy] = 1[1 i 



OVERHEAD CONSTRUCTION FOR TRAMWAYS, ETC. 581 

is not <iuitc no easy, as it involves a »-ubit! equation. 'I’hns, expanding 
and re-arranging terms, we obtain 

Ti^ + Ti^aElaiOi -0) + \{wljTf - TfaE] =- ^aKwH^ 
whieh may be written — 

- 0) 4- \(wllTf-TlaE\ = laKu^P 
u m / O-imaEiwl)^ 

whence ^ aE{a(di -6) [■UwllTf\-T ’ ' ’ 

or T^ = ^,/AI[T,-{T-B)} 

where A = Q-\Q<kiE(wlf and R = aE{a(Qi - 0) + KwljTY] 

, This equation may be solved by assuming an appro])riate value for 
1\ and calculating the value of the radical, which should agree with the 
assumed viilue if the latter has been correctly chosen. A slide-rule 
greatly facilitates this method of solution. 

Example. Determino the tension in a 120-ft. span of copper trolley wire 
at temperatures of 40"" P. and 100° P. having given that tlie trolley wire 
has been erected witli a sag of 9 in. at a temperature of (>5° P. 

In this case 

n = 0-1257 sq. in., w = 0-184 lb., E 18 X 10*** lb. per sq. in. 
u = 0-0000093, and from the example on p. 579, T -- 1100 lb. 

Hence, substituting tla^se values in equation (48), we obtain 

1000 V {319/rTi + 21((?i - 05) -}- 230 1100]) . 

For a teini)crature of 40° P. we have 

Ti -= 1000 ^/[319/(^^ - 1450)] = 1578 lb. 

At 100° P. the equation for the tension becomes 
'I\' = 1000 v/[3J9/(7\' - 187)] 
which gives Ti = 752 lb. 

The sags corresponding to these tensions are obtained from equation (11). 
Thus, at 40° P., = 0-484 X 002/(2 X 1578) =- 0-552 ft., or 0-63 in. ; and 

at 100° P., = 0-484 X 002/(2 X 752) =- 1-10 ft., or 13-9 in. 

Summarizing the results, wo have 


Temperature (degrees P.) 

40 

65 

100 

Sag (in.) . 

6-63 

9 

13-9 

Tension (lb.) 

1578 

1160 

752 

Stress (lb. per sq. in.) . 

12,550 

9230 

6000 


The sag to be given to a trolley wire at any tomjjerature should be 
such that, under the severest conditions of weather, the wire is not 
stretched beyond its elastic limit. In tramw^ay practice these conditions 
are represented by a temperature of 22° P., and a horizontal wind pressure 
of 20 lb. per sq. ft. If D is the diameter of the trolley wire in inches, the 
wind pressure will produce a loading of 0-6I> X 20/12 = D lb.* per foot 
run of the wire, and this must be added vectorially to the Avcight per 
foot run in order to obtain the resultant load. Thus, if w (lb.) is 
the weight per foot of the wire, the resultant load per foot will be 
w' = \/{w^ + D^), and the tension T' is given by 

T' = V(^2/2(5') + 2>2) .... (49) 

where d' is the sag corresponding to these conditions. This sag is, of 

♦ The total wind pressure on a cylindrical body = 0-6 X pressure on a flat surface 
of the same area as the projected area of the cylinder. 
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course, to be measured in the piano of the wire, which will make an 
angle of Uuv^Dlw to the vertical. 

Applying these c*onditions to the above example, we obtain 
w' -- -t- 042) ^ 0-628 lb. 

and from Equation (48), 

T --= 1830 lb. 

which is within the elastic limit. 

Tension in span wires. The sag in a si)an wire depends on (1) weight 
su])])orted ; (2) width of road ; (3) permissible tension. 



Fid. ^2(1. — DiMgram ropresoiitiiig General Conditions of Loading 
of Span Wire. 


In the general case of span -wire construct ion the conditions of loading • 
are as represented in l^'ig. 420, in which 

IT — weight of each trolley wire and supiiorting device per span 
\Vi — weight of the span wire 
7\ — tension in the span wire 
0 -= - irujlination of the span wire to the vertical 
2s = horizontal distance between supports of span wdre 
2.q = distance apart of trolley wires 
d = sag of span ware. 

By taking moments about the centre of the span wc have 
7\ sin 0 X d — T^ cos 0 X s~ IWi X Is - Ws^ 

Writing T, sin 0 — P, we Jiavc 

P-^[W{s->i,) -\- .... (50) 

Now T, sin 0, or P, is the horizontal j)ull on the pole, henee 

T, P/sin 0 = P^/\(P -I- (s - «,)>*]/(.-» - ^i) = /VLl + H) "J 

-P[l+rf*/2(s-«i)*l 

The weights ol some tjrpical overhead fittings are given below — 


Straight-line hanger witli bolt 

;< 

lb. 

Double pull-olT with bolt .... 

4i 

»» 

Single piill-off w'ith bolt .... 

ii 

** 

12-in. ear ....... 

H 

»> 

0-in. ear ....... 

3 

4 


Globe strain insulator (2^ in. dia.) 

1 

»» 

Brescot loop type porcelain insulator (4^ in.) . 

1 

»» 

Section insulator ..... 

18 

.. 

nVo-way switching frog .... 

15 


Two-way trailing frog .... 

14 

»s 

(crossing ....... 

18 

*» 
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Examples, (1) Deterniint) the tension in a 7/125'' span wire when sup- 
porting two O-d-in. trolley wires 8 ft. apart, the sag in the span wire being 
1 ft. The poles of each span are spaced at 43 ft. apart, with a distance of 
120 ft. between spans, and the span wire is attaclicd to bracket arms 18 in. 
long. We have 

Weight of 120 fi . 0-1 -in. trolley Avire " 0-484 X 120 — .58 lb. 

Weight of hanger, ear, etc. . . . . . ™ 4 ,, 

02 lb. 

Weight of 40 ft. 7/-125"' span wire = 0-21 X 10 - 8- 1 lb. 

The loading is shown in Fig. 421, and from equation (50) Ave obtain 

P = 02(20- 4) 1- J X 8-4 X 20 = 1031 lb. 
and 1\. 1031 [1 I- 1/(2 X 10 2)]= 1030 lb. 



(2) Similar conditions to above, but seel ion insulators lifted to Die trolley 
wires. We have 

W'eight of 120 ft. 0- 4-in. trolley wire . . . . — 58 1b. 

Weight of seef-ion insulator with strain insulators . . -- 20 ,, 


7S lb. 


Assuming tliat the 7/125'' span Avire is usi'd, avc obtain, 
r -= 1283 lb., and --- 1285-5 lb. 

If the trolley wires are anchored in the manner shown in Kig. IIS, the 
span AAure sui)porting the sect ion insulators Avill be i’elieve<l of a portion of 
the load. A reference to p. 578 Avill shoAV that the “ medium ” pole Avill be 
suitable f(jr these cases. 

Calculation of tension in pull-off wires. Consider a curve on a 
tramway system Avhero a single trolley wire is snppoited from span 
Aviros arranged radially as in Fig. 422 . The points of attachment of the 
pull-oflfs to the trolley Avire are arranged on an arc; of a circle of radius 
R ft . The trolley Avirc, in v^irtue of its tension, will form a s('ries of chords 
ill this circle. If T is the tension in the trolley Avire, the horizontal com- 
ponent of this in the direction of the span Avire will be 2T cos a. As the 
triangles ABD and AOE are similar, aa^o haA^e 

cos r. = ADIAB -= AEjAO = hJJR 

In addition to this tension, the span Avirc is loaded Avith a tension due 
to the weight of the pull-off, trolley Avire, etc. This additional tension 
can be calculated by a method similar to that adoi)ted Avith span Aviro 
construction. If i\' represents the horizontal force due to the weight 
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of the trolley wire and fittings, the pull on the poles to which the span 
wire is attached will be 

Pi - Pi' + T1,iR (61) 

on the outside of the curve, and 

l\ = Pi' - P/i/P (51a) 

on the inside of the curve. 

The tensions in each portion of the s[)an wire will be Pi/sin 6 i and 
Pg/sin 02> where 6i, 62 are the inclinations of the span wire to the vertical. 

When TIJR is greater than Pi', the portion of the span wire on the 
inside of the curve is not required. In this case it is usual to arrange 
the pul I -off wires as in Pig. 412. and the problem does not permit bf 



Fig. 4:22. — Diaj^rafn showing Position of "rrolloy Wire on Curve. 

such an easy solution as abov’^c, due to an incomplete knowledge of the 
tension in the trolley wire, which in practice is adjusted to some arbitrary 
value when the line is erected. The method of calculation is better 
elucidat('d by working through an example. 

Bjcample, Determine the tensions in the i)uli-off wires and the sizes of 
poles for a single 0*4-in. trolley wirtj on a right-angle curve, of which a layout 
showing the positions available for tlie pedes, is given in Fig. 423. There arc 
seven piill-olTs, which are? attached to the trolley wire at a radius of 50 ft. 
The tensie>n in the trolley wire on the curve may be assumed at 700 lb. At 
each end of the curve there is a straight line which is suitably anchored, the 
tension in the anchor wire being assumed at 400 lb. The length of the first 
span of the straight sections is 60 ft. 

The tension in the wires attached to pull-offs Nos. 3, 4, 5 can be obtained 
from a slight modification of equation (51). Thus, if </> is the angle between 
the pull-olT wire and a radius vector produced (Fig. 423), the horizontal pull 
on the pole is given by 

P, - P/ f Tl^/R cos (/} 

wliere (he first term is the pull due to the weight of trolley wire, ffttings. 
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etc., attached tu the pull-off, and the second term is the component of the 
trolley- wire tension in the direction of the pull-off wire. To obtain P/, let 
W == weight of trolley wire, ear, and pull-off 
\V 2 = weight of pull-off wire 
s = length of pull-off wire 
d = sag in pull-off wire. 

Then P/ = (IVs + 

If we assume that 7/* 125^ steel wire is used for all the pull-off and span 
wires, then the weight of this wire for No. 4 pull-off will be 44 X 0-21 = 9-2 lb.* 



and 47-5 x 0*21 - 10 1b. for pull-offs Nos. 3 and 5. Tho distance between 

the pull-offs being 13-05 ft., we have ; weight of trolley wire, ear, and pull-off 
= 13-05 X 0-484 + 1 + 3-5 “= 10-8 lb. If the sag in the pull-off wires is 
4ft., we obtain R/ = J(10 8 X 44 -f- 9-2 X 22) == 1691b. for No. 4, and 
188 lb. for Nos. 3 and 5. 

Hence, the tension in pull-off wire No. 4, wliich is radial, will be 
169 700 X 13-05/50 = 169 + 183 = 352 lb., 

and the tension in Nos. 3 and 5 will be 

188 + 183/cos 31° = 188 + 213 = 401 lb. 

* Tho effect of the inclination of the pull -off wires is neglected in the calculations 
of weight and tension. 
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We have now to deal with the bridles at Nos. 2 and which can be done 
in the following manner. Consider the bridle at No. 6 replaced by a radial 
pull-off wire attached to a pole at F ; calculate the tension in this wire, and 
resolve this t(!rision into components along the directions of the bridle.* In 
this manner W(5 obtain 200 lb. for the tension in the radial pull-off wire, and 
260/(cos (Ur + cos -- = 200 lb. in the bridle wire. Treating the bridle 

at No. 2 in fi similar manner, we obtain the tension in the bridle wire as 
360 lb. 

The span wires Nos. 1 and 7 now demand attention. If we assume the 
sag in the span wire as 1 ft., we obtain, from ecpiation (50), values of 128 lb. 
and 201 lb. for the tension in No. I and No. 7 resi)ectively. 

The resultant pull on ijole E will be in the direction of pull-off wire No. 4, 
and its magnitude will be 

352 -I- 2 X 401 cos 15 83" h (i^OO + 360) cos 31" - 1600 lb. 

The resultant pull on pole A is 510 lb., at an angle of 18" with the span 
wire (straight-line side), while the residtant pull on pole I) is 303 lb. at an 
angle of 12® with the span wire (straight-line side). 

Summarizing, we have the following values h>r the pull on the poles : 
.4, 540 lb. ; 1?, 201 lb. ; C, 128 lb. ; 303 lb. ; E, 1600 lb. ; while the 

tensions in the resp(‘ctive span and pull-off wires are : No. 1, 128 lb. ; No. 2, 
(bridle), 3601b.; No. 3, 4011b.; No. I, 352 lb.; No. .5, 1011b.; No. 6 
(bridle), 300 lb. ; No. 7, 201 lb. ; anchor wires, 400 lb. 

Pole E must therefore be of the “ heavy ” class, while for the poles .4, 
/i, 6', D the “ light *’ class could be used. 

The calculations for a double track are pcirformed in a similar manner, 
but in this case the tension in the outer pull-off wires will bo Px H- TIJR cos (jt, 
and the tc*nsion in the wire between the trolley wires will be TIJR, 

If, with the assumed value for the tension in the troll(*y wire, the pull 
on the p()l(;s is excessive, then a lower value must be adopted and care taken 
that this value is not exceeded when the line is erected. 

* As the bridUi wire is threaded through a ring at tlio end of the pull -off wiro, 
the tension in each portion of it will bo the same. 
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OVKKHKAU CONSTRUCTION ON RAILWAYS 

Part F. (iEneral Oonsidb rations 

Overhead construction is usually desirable for operating ])ressurcs of 
1500 volts and above. 

A bc;A^v^ collector is generall}^ used instead of a trolley wheel, since, 
with the former, no frogs or crossings arc required at junctions. More- 
over, this type of collector is suit«ablc for much higher speeds and larger 
currents than the trolley wheel, while the (chances of it leaving the 
trolley wire are very remote. The bow collector, however, due to its 
greater inertia, requires a level trolley wire in order that contact may 
be maintained between the bow and wire at high speeds. 

The trolley wire must, therefore, be susjiended with a very small 
sag, and to obtain this result without excessive tension in the wire, the 
span must be relatively short, i.e. of the order of ID ft. to 15 ft. For 
such short spans an indirect method of sus])ension is desirable ; the 
trolley wire being supported by another wire, whi(;h is suspended with 
considerable sag between supports lixed at moderate distances apart. 
The wire from which the trolley wire is sup])ortod is called the “ catenary” 
or “ messenger,” and if this wire is insulated fiom the supports, no 
insulated hangers an', necessary for the trolley \ATrc. The object of the 
large sag in the catenary wire is to maintain the position of the trolley wire; 
practically constant for the range of temperature occurring in practice. 

Catenary construction. Present-day catenary construction on railways 
is of either the single catenary or the compound «*a.tenary. The former 
(consists of a suspended steel Avire A, Fig. 424(u), from Avhich the trolley 
Avire C is supported by means of drop])ers /?, cli[)ped to A and C at 
ecpiidistant horizontal intervals. On straight (or tangent) track the span 
of the catenary Avire may be from 150 ft. to 300 ft., Avith sags of from 
3 ft. to 6 ft. respect iv^cly, and the distance a])art of the dro})])ers varies 
from ID ft. to 15 ft. On curves the span is reduced and the trolley wire 
is maintained in position by pull-ofT Avires. 

The Siemens-Schuckert (!ompound catenary consists of three Avires, 
all in the same vertical plane. The upper Avire A, Fig. 424(6), is the 
catenary Avire, and is insulated from the supporting structures. From 
this wire the intermediate Avire B is supported by droppers, JJ, clipped 
to both wires, and the trolley Avire (7 is supported from the intermediate 
wire by the loops E. The trolley wire is maintained under a definite and 
constant tension by means of automatic tightening gear, and the loops E 
allow longitudinal movement of the trolley Avire to take iilace without 
straining tlie suspension wires. 

The catenary wire is usually of stranded steel, of seven or more 
strands, having the following averages properties — 

Ultimate tensile strength . . .90 tons p(?r sq. in. 

Elastic limit ...... 40 t-ons per sq. in. 

Modulus of elasticity . . . . 30 x 10* lb. per sep in. 

CoefTicient of linear expansion (per r K.) . 0-0000001 
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Calculation of tension in catenary wire. The sag of the catenary wire 
generally does not exceed 3 per cent of the span, and if the wire were 
loaded only with its own weight, the tension could be calculated in the 
same manner as for a tramway trolley wire, as the curve of the sag 


¥ 



{a) 




KitJ. 424. -Ty|3<*s of Catenary Construction. 
(a) single catenary ; (h) compound catenary. 


could be (;()iisid(‘r(Ml to be a parabola.* The effecjt of the irolltjy wire is 
equivalent to a scries of equal weights hung from tlu^ catenary wire at 
equi-disiant horizontal inicrvals. Tf iho weight of the catenary wire 



is neglected, the sections between the dro[>pers are straight lines, and 
form the envelope to the parabola y = x^l2(TIW)X, where y is the 
ordinate corresponding to a distance x from the centre of the span, 
T the horizontal tension at the mid-span, and I the distance apart of 
the weights W (Fig. 425). 

* With a sag of 2 fXT cent of the span the error in calculating tlio sag from the 
))arabola equation (instead of the catenary) is 0*2 per cent, whih' with a 2 per cent 
sag the error is 0*05 per cent. 
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The curve* joining the ])oints of attachment of the droppers to the 
cataiary wire differs slightly from this parabola,! as each section of the 
catenary wire is tangential to the latter. 

In practice, the weight of the catenary wire is comparable with that 
of the trolley wire, so that the deflection curve will be intermediate 
between the above curve and the ^Darabola y — x^l2Tlw' (w* being the 
average weight of the trolley wire, catenary wire, and droppers per foot 
of horizontal span). The sections of the catenary wire now hang in a 
series of catenary curves, for which we have no particular interest. 

The tension T is determined by considering one-half of the span and 
taking moments of all forces about the point of support {A, Fig. 425). 
Sin(^e the sag is small in comparison with the span, the weight of the 
Vatenary wire per horizontal foot of span may be considered to be 
identical with the weight per foot of Avire. Hence iv' may be considered 
as equivalent to the average weight of the whole suspension per foot 
run . 

(Jonsidcring an e.ven number of droppers per span and taking moments 
about A (Fig. 425), wc have — 

Tf5 mwX + + w^) w^) +’:X(wX | n\X v^2) ^ 

= {X{w -1- w^) + w^]X\(\ + 3 -f 5 I- . . . I- (2a- 1)) 

\X\w + «^i) -j- 

-- w^lX) 

- UvT (52) 

wh(^re w, denote the weight ])er foot of trolley w ire and catenary wire 
icspectively ; W 2 denotes the average weight of a dropper and clips ; 
2/ the distance (in feet) betw^’cen supporting sti*u(;tures ; d the sag (in 
feet) of catenary wire at mid-span ; X the horizontal spacing (in feet) 
of the droppers ; n the number of droppers per h.alf-span, the centre one, 
if any, not being included. 

For an mid number of drop[)ers jicr span, wc have 

Td ~ \{iv -| w^)V^ I' w^XhC f ^ I' • • • I (2a f- 1)) 

- -f f {w^Xin -h 1)‘^ II 

- W{w I- n) + I- IjX + i) 

- .U‘^('w; + -I- wJX) Iw^Xil/X -h i) 

- hvT t lw 2 X(n H- J) (52a) 

Calculation of lengths of droppers. The dellcction at any dropper can 
be obtained by taking moments, about the point of the catenary wire at 
which the dropper is attached, and dividing by the tension T. Thus for 
dropper No. 1 (Fig. 425) Ave have (assuming an even number of droppers 
per span) 

Ty, - ^ 2 i'W t ^^’1) (^- Uf ^ I 2 -t- 3 -f- . . . F {n-\)) 

and for droi)per No. 2, 

Ty^ I 2 -f 3 I- . . . -I- (n-2)) 

* ("allrd licreaftor tlui “ deflection ** curve. 

t It can bo shown that eacli point 011 the deflection curve is {W/T) (A/8) vertically 
IhjIow the corresponding point on the above parabola. 

i The number of terms in tlie series I + 3 6 -f . . . -f (2n - 1) is n ; hence 

the sum - jn (I f- {in - 1) ) -- n*. [N’otk n - //A.] 

1! The numljcr of terms in tlie series 1 -f- 3 h 6 . . . -f- (2a 4 1) is a 1 1 ; 

hence the sum — \{n 4- 1) [I f- (2 h 4 1)1 = (^ + !)“• [Notk n IjX - J.J 
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or generally, 

T'Vm =1{V’ + Wi) [/ - P(2w - 1)]*+ W 2 ^\{n -(m-l)) (n - »«)]♦ (53) 

where m is the number assigned to the dropper, the one nearest to the 
support {A, Fig. 425) being No. 1. 

Calling these moments il/j, we have 

7’yi il/i, Ty^ -- Ty^ == M„, 

whence y^ = Jlfj/T, y^ MJT, . . . = MJ7' . . . (54) 

The lengths of the droppers will be (y^ f- 2), { 1/2 + «), etc., where z is 
the distance between the catenary wire and the trolley wire at mid-span. 

Tn cases Achere approximate results are sufficient, the deflection at 
each dro])])er can be obtained by assuming ihat the dcflcc^iion curve is^ 
the parabola y — x?l2Tlw\ y being the defleedion at a distance x from 
mid-span. 

Example, (^al<*ul;i( i<>n of Iho deflect ions and of droppers for an 

elov('n-poin< single catenary suspension having tlie following constants — 
Length of -ipan (2/) ..... ir)0ft. 

Sag at mid -span ..... 2-5 ft. (.‘10 in.) 

Distance between catenary wir(‘ and trolley 

wire at rnid-span (^r) . . . . O-OO ft-. (S in.) 

Nlunb<^rs of droppers p(‘r spa.n . . .11 

Spacing of droppers (A) .... 18 ().3 ft . 

Size of trolley wire ..... 0- 10 in. dia. (--= 1/0 13. iS:. S.G.) 

Weight per foot of t rolley wire (ic) . . 0 011 Ih. 

Size of cat enary Avire .... 7/10 in. ilia. 

^^'eight per foot of catenary wire (Wj) . . O-OHl lb. 

AA^erage v^eight of droppiT and clips (ic-) . O'.") Ih. 

The average weiglit (/e') of trolley wire, catenary wire, dropper, .and clips 
jH'r foot run 

0 011 i- (hosi I 0-.7, i;i o:{ - 1(M)2 ib. 

Since there are 11 droppiu’s per s])an, the valui* of n in eipiations (52, 53) 
Avill be .■). 1 Fence the te?ision in the catenary Avii'e at mid-span — obtained 
from equation (52r/) — is 

T -- il X 1 002 X 752 + I < 0-5 X 13 03 X 5-75)/2-5 - 121 Fib. 

From equation (53i/) values for Mi, J/g, etc., are obt.ained as follows - 
Ml - i(0 04l f- 0 :i84)(75 - J x 13-03 (2 X I - 1)} 2 
+ J X 0-5 X 13-03 U-*'»-(l-l))(.') (I -2))! 

- 2382 
.1/2 - 1.503 

- 807-4 
Ml - 402-5 
iiy, - 102 

The deflections are obtained by dividing these values by the tension 
(12111b.), and the lengths of the droppers will be Sin. greater than the 
deflections. 

A summary of the residts obt ;iined by this method and by the approx- 
imate method is given in Table XXT. 

* The series for the mth dropper is 1 j- 2 b 3 + • • • H- (^^ - the num- 
ber of terms Ix-ing (a-m). The sum of this series is i(n-m)(l -f (n - m)), or 
i (n - (m - 1)) (fi-m). For an odd niirnher of droppers ]ior span, the sum of the 
series becomes j (n - (m - 1)) (fi - (m - 2)), and Fqiiation (5.3) takes the form 

7“ i(^ -f- “^1) V - iA (2m - 1)} 2 -i- - (m - 1)) (a - (m - 2))} . (53a) 
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In api>Iying the approximate method — i.c. assuming tlie deflection curve 
to be a parabola — we have 

T = tc7V2(5 U»51b., and y -= a:V(2 llO.Vl-()(!2) - 

as tlie equation to the deflection curve. 

TABLE XXI 


Dropper No. . 3 10 


Distance from mid- span 
(ft.) .... 

08-2 04*5 

40-9 

27-20 

i 

13-63 

0 

J3-63 27-26' 40-9 54-5 I 6H-2 

Deflection — by metliod 
of moments (ft.) 

>043 1-H12 

0*74 

0-3.32 

0-081 

0 

0-081 0 .3.32' 0 71 1-312 2-043 

Deflection — by ap{)roxi- 
mate method (ft.) 

1-323 

0-743 

0 33 

o 

6 

0 

0-0826! 0-33 :0-7 1311-323 2 003 

Length of dropper (in.) 

32*0 23-8 

l(>-9 

12 

!»01 

8 

9-01 12 16-9 23 8 32-5 

Approximate length of 
dropper (in.) 

32*8 23-9 

l(i-9 

11*96 

9 

8 

11-96 I()-9;23-9 32-8 


Effect of temperature on level of trolley wire. Tho level of the trolley 
wire will be atfeeted to some extent by changes of tcin])erature, the 
variation of level depending upon the variation of the sag of the catenary 
wire with temperature. In considering the effects of temperature on the 
catenary wire, the latter will be treated as a simple catenary. 

Thus, if / ~ length (in feel ) of half the span 

w' ~ e(pii valent ueiglit per foot of catenar\^ wire, trolley 
wire, and droppers 

a — area of eross-scetioii of catenary wire 
a --- (JoeJficient of linear eximnsion 
E = modulus of elasticity 

T, - tension at lowest point of catenary wire corresponding 
to temperatures 0, 0^ respectiv(‘ly 
d, -= sag at mid-span corresponding to temperatures 0, 0^, 
rcs|)eetivelv 

then a(0i ~ 0) ~ (l/^V - -p {T - T{)jaE, 

Now ^ and (5i = ; tlicrefore, on substituting for 

T and 7\, we (obtain 

tt(0i - 0) - 3 (di^ - 6^)11^ - (w7^l2aE) ( i/d, - l/VD) . . (5(3) 

which gives the relation between the sag and the tem]^erature. 

The value of a for steel is 0*00(X)0G4 (per 1° -I\), and E should be 
taken not higher than 25 x 10® lb. per sq. in. for stranded steel wires.* 
Hence if the catenary wire in the above example is elected with the 
specified sag at 00*^ F., the sag at various temperatures, calcidated from 
equation (56), will be - 

Temperature (‘^F.) . 24*3 42 60 78 0 OS l H8-2 

Sag (in.) . . . 26 28 30 32 3i 30 

* This value for E is considerably below that (30 X 10*) for hard drawn steel, 
the low value being due to tho tightening up of the strands with tlio load. 
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Thus the trolley wire, as a whole, will be level only at one temperature, 
and at other temperatures the sections between the supporting structures 
will be above or below their normal position, due to the variation ot the 
sag in the catenary wire. For the case under consideration, if the tiplley 
wire is level at 60° F., then, at the extreme temperatures of 22° F. and 
100° F., the portion at the centre of the span will be respectively 4*25 in. 
above and 4-2 in. below the normal position. 

Considei ing the sections of trolley wire between the droppers, if each 
dropper were deiinitely anchored in position, the conditions would be 
similar to those in tramway work, and the sag in each section, due to 
its own weight, would depend upon the tension, temperature, etc., as 
explained in Chapter XXIV. 

An approach to these conditions is obtained in the type of con- 
struction originally installed on some American railways, where rigid 
droppers, fixed to the catenary and trolley wires, were adopted. 

With this type of construction, if there is any appreciable sag in 
the sections of the trolley wire between the droppers, the passage of the 
bow^ collector will produce waves in the wire, and as the latter is rigidly 
supported at the droi^pors, “ ])ounding ’’ or “ hammering ” will occur 
at these jioints. On the other hand, if the trolley wire is flexibly sup- 
ported by flexible or loop droppers, the latter will accommodate them- 
selves to any waves in the wire. In this connection the following remarks 
(abstracted from a ])aper by Mr. W. N. Smith*) are of interest- - 

With the plain type of catenary construction, where no take-up devices 
are einploytMl, tlio result is thfit tluj st^ctions between the hangers (droppers) 
become slack enough in warm weather to cause the sliding bows to pound 
kinks into the wires at the hanger points. . . . ^Fhe only remedy for this 
situation . . . is to pull the wivo sulliciently tight so that its strain at maxi- 
mum t(imp(*raturc will not be less than 2000 lb. for a 0-46-in. wire. If the 
minimum tension at 100‘' K. is to be 2000 lb. ; at 0'^ F. it will be about 5000 lb. 
and the clastic limit is reached at 5817 lb. Jt is to be expected that copper 
trolley wire, ludled tight enough to be elTective at maximum temperatures, 
will be likely to g<;t 1 )u 11 (hI beyond the tiaslic limit in the course of a s(*ason or 
two. . . . liiese considerations may <;x plain much of the trouble that has 
been experienced with plain cai(inai-y consti'uction, using hard-drawm trolley 
wire. . . . 

This warm-wx*athcr slackness can be obviated where a wire can be 
pulled sulliciently tight to be .at a minimum of 2000 lb. at a high temperature 
. . . which can be done wit h ‘ phono-electric,’ stcjel, or copper-clad steel 
wire*. 

“ It is th(! writer’s heli<*f that without upwau'dly yielding hangers, it is 
necessary to maintain a minimum tension of at least 2000 lb. ; and the only 
excuse for maintaining a lowxr tension is the ability of the trolley wire to 
yield at the hang(‘rs.” 

Layout of trolley wire. The position of tho trolley wire relatively to 
the track should be such that the contact surface of the bow collector 
will be worn miiformly throughout its width. To obtain this result, it is 
necessary to “ stagger ” the trolley wire with respect to the centre line 
of the track, a stagger of 9 in. on each side of the centre line being the 

* “ Electric Railway Catenary Trolley Construction,** Trans, A.I,E,E., v. 29, 

p. 849. 
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usual allowance,* although the value is influenced by the design of the 
bow, amount of side sway in the trolley wire, etc. 

At curves, the super-elevation of the track rails and the swing or 
oscillation of the coaches must bo carefully considered in locating the 
position of the trolley wire, since a slight tilt of the coach will correspond 
to a relatively large transverse movement of the bow on the trolley wire. 
On sharp curves, precautions have to be taken to see that the position 
of the track rails, at the time of installation of the overhead construction, 
is maintained, as any “ slewing ” or alteration in the super-elevation of 
the track rails may result in the bow leaving the trolley wire. Tliis will 
be appreciated b}' Fig. 420, which re])resents an end vi(»\\' of a coach 


I 
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Fuj. 427. -T-sqiiaro 
for sotting Trollov 
Wirt‘. 


with a bow collector on a curve. The correct ])osition of the trolley wire 
can be obtained when the su]:)er-elevation of the tra(*k, j- height of trolley 
wire above the track, and particulars of the coaches arc known. In 
])ractice, it is more convenient to adopt the T-square incthod, as indurated 
in Fig. 427. The head of the T-square is arranged to fit tlie gauge of the 
track rails, and the centre line of the trac^k is marked on the end of the 
blade (which may be adjustable vertically). With this device the correct 
stagger of the trolley wire can be obtained undei* all conditions. 


Part TI. Examples of Overhead Construction 
Direct suspension. This form of construction is suitable for railways 

* The zigzag of tho trolley wiro should bo arranged alU^rnatcly on each side of 
the centre line of the track. For instance, in tho Simplon Tunnel, tho trolley wire 
is staggered in sections of 1 kM, the sections being arranged alternately on the right 
and the left of the centre line of the track. In this manner, tho life of the wearing 
strips on the bows was trebled, the original staggering being arranged symmetrically 
throughout. See The Electrician, vol. 72, p. 58. 

t The super-elevation for standard gauge can bo obtained from formula 

E V^IR 

where E = super-elevation in inches, V =■ velocity of train in ml.p.h., and R = 
radius of curve in ft. 
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operating at low speeds. It is employed on many high-voltage, direct- 
(!urrcnt light railways, and lias an extensive application on the three- 
])hase railways of Northern Italy, to which reference is made later. 

The method of siis|)ending the trolley wire is similar to that employed 
with span-wire and bracket-arm tramway overhead construction, but the 
hangers have |)or(*elain insulation and are arranged foi* a sliding current 



Fi(;s. 428, 429.- Ov«rh<!ad Con.struction on Swodish State Railways (A.S.E.A.) 
Fig-. 428, Standard Span on Straight Track; Fig. 429, Detail of Automatic 
'Pightoning Device. 


collector instead of a trolley wheel. Examples of construction are given 
later in connection with three-phase railways. 

Si^le catenary construction. This form of construction is suitable 
for railways on which the traflic is not exceptionally heavy. 

Representativ^e views of the construction on the Swedish and Nor- 
wegian State Railways are shown in Figs. 428-431. The catenary wire 
is supported by cantilever trusses, each of which is supported by a pair 
of insulators mounted vertically above each other on a pole at one side 
of the track. This design was adopted in order that the insulators should 
not be subjected to the hot blast from steam locomotives which may 
occQisionally run over the track. The lower insulator supports also the 




Fig. 430. Overhead Construction on Swedish State Railways, showing Section Insulator and 

Equalizing Lever (A.S.E.A.). 
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mi) 

piill-off or push-ofF ; and both this member and the tubular compression 
member of the truss are hinged to the insulator in order not to restrict 
the vertical flexibility of the trolley wire. Moreover, the pins of both 
insulators fit loosely into the supporting brackets so as to allow small 
longitudinal movements of the wires, due to changes of temperature, to 
take place. 

The trolley wire is of liard-draAvn copper, having a cross-sectional 
area of 80 sq. mm. (0-124 sq. in.). The catenary wire is of stranded steel 



Fia. 431.“ -(juntry Construction on Swiss Federal Railways (showing also 
Rrown-Boveri Passongor Locomotive). 


and has a cross-sectional area of 50 sq. mm. (0-0775 sq. in.). The normal 
span on straight track is 60 m. (200 ft.), and the droppers are spaced 
20 111 . (66 ft.) apart. The dropyiers are of steel wire about 5 mm. (0-2 in.) 
diameter ; the clips are of bronze and are light in Aveight so as not to 
produce hard spots ” in the trolley wire. 

Both trolley and catenary wires are divided into sections, the normal 
length of whicii is 1500 m. (0-93 ml.). Each section is anchored at its 
mid-point, and both ends are strained by 500 kg. (1100 lb.) weights, 
Fig. 429, so as to maintain a constant tension in the wires, the tension 
being applied to the two (trolley and catenary) wires through an 
c([ualizing lever, Avhic^h can be seen in Fig. 430. This feature of main- 
taining a constant tension in the trolley and catenary wires is applied 
alsa to shorter sections at sidings, etc., but when the length of the section 
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is less than 200 in. (650 ft.), one end is anchored and the other end is 
strained by springs. By these means, with droyjpers spacred 20 m. (66 ft.) 
apart, a sag of about 5 cm. (2 in.) is maintained in the trolley wire over 
a temperature range of from - 35® C. to + 40® C. 

Views of typical single-track and double-track construction on the 
Swiss main-line railways are given in Figs. 431, 432. The catimary wire 
is supported by yiin-type porcelain insulators, which are fixed either to 
gantries or bracket arms. In some cases a single insulator is employed 




Fni. 4.‘?2. Overliolul (^oiistniction, ut Altitude of 4UOO ft., 
oil tho Hern-Lotschbor^s-Simplon Railway. 


(Fig. 431), but ill other cases (e.g. at the higher altitudes) a double set 
of insulators — consisting of a spool-type insulator fixed to tAvo pin-type 
insulators (Fig. 432) — ^is employed. 

The trolley wire is iiiaintaincd in its correct position relatively to 
the track by light tubular pull-offs, one end of which is clipped to the 
trolley wire and the other end is hinged to a pin-type insulator fixed to 
the pole. In those parts of the system where double insulation is 
employed for the catenary wire, a double insulator is employed for the 
pull-offs ; the end of the pull-off tube being cemented into a spool-type 
insulator which is hinged to a pin-type insulator fixed to the pole. 

The trolley wire is of hard-drawn (topper, ha\dng a cros.s-sectional 
area of 107 sq. mm. (0-166 sq. in.) ; and the catenary Avire is of stranded 
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ateel, having a cross-sectional area of 50 sq.mm. (0-0775 sq. in.). The 
normal span is 00 m. (200 ft.), but in some cases spans of 100 m. (330 ft.) 
are adopted. The dnjppcrs are spaced 10 m. (33 ft.) apart, and consist of 



Kkj. 43U. -Ilaiig<*rs for Straiglit ami Ciirvctl Track. 



^'ic. 4.34.- Bracket -arm Construction on I l,(M)()-volt 
Main Linos (New York, Now Haven, and Hart- 
ford K.R.). 


4mm. (0-158 in.) steel wire; they are connected to the wires by light 
bronze clips. 

The sections of trolley and catenary wires are strained continuously 
by weights so as to maintain a constant tension of about 1100 lb. in the 
trolley wires. 
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At curved track the span is reduced and intormcdialc pull-otf wires 
are employed where necessar^^ 

Modern single catenary construction on American main-line single- 
phase railways differs in a number of features from that on Kiiroi)ean 
railways. For cxam))le, (1 ) the spans are usually longer ; (2) the droppers 
and clips are much heavier ; (3) the contact wire is either of steel or a 
special hard-wearing, non-corrosive alloy (phono-electric) whi(^h is clipped 
to a copper wire sus])eTided from the catenary wire, Fig. 433(a) ; (4) special 
inclined hangers, I^g. 433(^), are usually cmy)loyed at curved track to 



Fio. — Dotails of llan^'orH and CJip.s for N.Y"., N.il., and lI.ll.R. Inclined 

(Jatenary Construction. A, liangor for straight track; B, intcrnu»diato 
clip ; (7, iucliiiod hangc^r for curved track ; />, pull-ofE clip. 


(iiiable long spans to be retained without intermediate pull-off wires ; 
(5) suspension-ty})e insulators are employed in preference to pin-type 
insulators ; (6) the sections are anchored at both ends, and no devices 
are emplo3^ed to maintain a constant tension in the wires. 

The supporting structures take the form of structural-steel brac^ket 
arms, light gantries, or lattice gantries, according to the number of 
tracks. The general arrangement of a standard bracket arm is shown in 
Fig. 434, and details of the hangers are given in Fig. 435. 

The normal span is 300 ft. and the sag at 60® F., with normal loading, 
is Oft. 5 in. The catenary wire is of stranded steel I’jyin. in diameter ; 
the contact wire is of alloyed bronze having a cross-sectional area of 
0*166 sq. in., and the auxiliary wire is of the same size but of hard-drawn 
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copper. The hangers are spaced 10 ft. apart and consist of | in. gal- 
vanized steel rods with malleable-iron clips. The intermediate clips are 
of bronze. The normal tensions at 60^" F. are : catenary wire, 3900 lb. ; 
contact wire, 1815 lb. ; auxiliary wire, 1600 lb. 

At curved track, special inclined hangers are usually adopted in 
preference to straight hangers and pull-offs, as by the use of these inclined 
hangers longer spans are obtained, together with greater flexibility to 
the trolley wire and the elimination of hard spots. Moreover, the trolley 
wire can follow more closely the alignment of the track than when straight 
hangers and pull-offs are employed.* With this inclined construction 
the catenary wire does not follow the same curve as the trolley wire, and 
on reverse curves the catenary wire crosses the trolley wire. Fig. 43jf) 



Kio. 43(). - -laomotric Sketches of 4i‘olloy Wires, 
Catenary Wires and Hangers at Circular (a) 
aii<l Reverse (ft) Curves. 


shows diagrarnniaiieally the relative positions of catenary and trolley 
wires for circular and reverse curves, and Fig. 437 is a view of the 
construction at a reverse curve. 

The hangers are so designed that, when attached to the catenary 
wire and projecting towards the centre of the curve, the trolley wire will 
follow the centre of the track. The angle of inclination varies with the 
radius of the curve, and the length, of course, varies with the position 
of the hanger. By connecting the horizontal projection of the hanger 
directly to tlie clip attached to the trolley and feeder Avircs, the latter are 
maintained in a vertical plane. Pull-off wires are only used on curves 
sharpei than 4 degrees (1433 ft.) 

Compound catenary construction. Tliis form of construction was 
originally developed by Messrs. Siemcns-Schuckert, to enable automatic 
tensioning devices to be applied to the trolley wire without causing 
displacements of the main hangers. The general features are described 

♦ Catenary construction with inclined hangers was developed by the engineers 
of the New York, New Haven, and Hartford Railroad, with the idea both of elimin- 
ating to a large extent the necessity for pull -offs and of increasing the span on 
curves of moderate curvature. Details of methods of calculation of the lengths of 
the hangers and other features are given in a paper on “ Catenary Design for Over • 
head Contact Systems,” by Mr. H. F. Brown, Trana, AJ.E.E., vol. 46, p. 1082. 
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briefly on p. 587. This system, with some modifications, is installed 
on the Lancaster-Heysham-Morecambe (6000-V., single phase) branch 
of the London, Midland and Scottish Railway, and on the Newport- 
Shildon (1500-V., direct current) branch of "the London and North 
Kastem Railway. 

The general arrangement of the ovc^rhoad construction on the Lan- 
caster-Horecambe line is shown in Fig. 438. The catenary wires consist 



Fig. 437. — Construction at Rovorse Curve on Norfolk and Western Railway. 


of two 7/*064" steel cables, which are (dipped together for nearly the 
whole span. At the supporting insulators the wires divide and pass 
through grooves in a ring fixed to the head of the insulator, so that the 
('atenary wire is free to move longitudinally over a limited distance. 
The tension between adjacent spans is therefore equalized, and if a break 
occurs the catenary wires are not pulled down. 

From the catenary wire an auxiliary wire (7/-002" stranded steel) is 
hung by droppers clipped to each at intervals of 20 ft. Tlie trolley 
wire — which is of hard -drawn copper of grooved section, equivalent to 
0*108 sq. in. — is supported from the auxiliary wire by looped droppens, 
clipped to the former at intervals of 10 ft. These clroppers are all of 
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uniform length (about 4 in.), while those supporting the auxiliary wire 
are of variable length, according to their position in the span. 

The catenary wires arc insulated from the gantries by porcelain 



F'ig. 43S. — Compound (’atennry (^instruction on Morocam bo -Lancaster 
Section of L.M.S. Railway. 


insulators of the triple petticoat pin type, supple?nented by spool-type 
insulators on either side.* 

At the stations the gantries consist of built-u[) lattice structures, 
but at other parts of the line a light structure (consisting of two angle- 
irons carried on wooden poles is adopted. 

The trolley wire and the auxiliary wire are anchored laterally at 
each gantry by a pull-off, which is clipped to the trolley wire and hinged 
to the gantry. This design of pull-off, together with the loop-type 

♦ Tbc spool tyf)H insulators wero not inolud''d in tlio oriji'inal installation. 
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droppers, allows longitudinal movement of the trolley wire, independent 
of the auxiliary wire, and does not restrict the flexibility vertically. 

Tn accordance with the standard practice of Messrs. Sicmens-Schuckert, 
the line was originally fitted with automatic tightening devices. This gear 
has been discarded, as onlj^ a very small movement of the weight occurred 
in practice. 

Another form of compound catenary construction is installed on the 
Harlem River and Westchester branches of the New York, New Haven, 
and Hartford Railroad. Typical vie\^'s of the construction on straight 
and curved track are given in Fig. 439.* 

Two catenary wires, in addition to the trolley wire and an auxiliary 
wire, are erected over each track. The upper catenary wire is a |-in. 
diameter stranded steel cable, and serves as the main supporting cable 
for the other wires. It is clamped directly to the top of the gantries, 
which are spaced 300 ft. apart on straight track and a minimum of 
200ft. on curves. Two 3-in. “i” beams, w^cighing 5Jlb. per ft., are 
clamj)ed to eacli span of the supporting cables so as to sp<an the tracks. 



Fig. 440. Compound ('atfiinry Sus|)cnsion f(»r Ifi^avy (.Uirroiits, Lacod ” 

l)rop|iors. 


These “ I beams arc placed 150 ft. apart on straight track, and carry 
the insulators from which the main catenary wires are suspended. The 
insulators are of the double jietticoat type, and will withstand a dry 
test of 110,000 volts, the operating voltage being 11,000. The main 
catenary wire is a | in. diameter stranded steel cable, from which a 
0*40 in. grooved copper wire is suspended by rigid droppers or hangers 
spaced 10 ft. apart, the hangers being adjusted so that this wire is hori- 
zontal. A 0*46 in. grooved steel wire is used as the trolley wire, and is 
clipped to the auxiliary wire at points midw^ay between the hangers. 

The trolley wires are erected approximately over the centre of each 
track, and on curves the alignment is maintained by the use of inclined 
hangers attached directly to the cli])s. 

All the overhead wires are sectionalized at intervals of about three 
miles, special anchor gantries of heavy construction being installed for 
the purpose (see Fig. 468, p. 637). TJic main supporting cables and the 
catenary cables arc anchored to each side of the gantry, while the trolley 
wires are run through, and are anchored to the catenary wires in the 
adjoining sections. The trolley wdres belonging to the same track are 
kept a short distance apart when passing under the gantry, and are 
insulated from the catenary cables to which they are anchored. In this 
manner a very effective air-insulated section insulator is formed. 

* The autlior is ind^•bt^d to Mr. W. S. Murray for tlio photographs of the New 
Haven electrification. For detailed drawings of tho overhead construction see 
Mr. Murray’s pajKjr on “ Trunk Lino Electrification *’ (Trans. A.I.E.E., vol. 30, 
p. 1437), 




Fig. 441. Cross Catenary Construction at Freight Yard on Norfolk and Western Railway. 




Fig. 442. — Cross Catenary Construction at Large Freight Yard (N.Y., If.H., and H.R.R.). 
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Compound catenary construction is desirable when heavy currents 
have to be supplied to locomotives. In this case the auxiliary catenary 
wire is employed as a distributor, and the feeding points can be made 
suitable for large currents without affecting the flexibility of the trolley 
wire. Exi^erimental work has been carried out by the General Electric 



Fio. 443. — Single Cateniiry Const rnction on the Italian State 
Railways. 


Co. (Schenectady) to determine the best form of suspension between the 
auxiliary catenary and the trolley wire.* 

The tests indicated that a “ laced ” suspension (Fig. 440) gave the 
best results. The flexibility of this suspension was equal to that of a 

* A full account of the work is given in a pajjor on “ Tlio Collection of Currtmt 
from Overhead Contact Win*s,” by Messrs, ^^'ade and Linchaugh {Tran^. A.I.E.h., 
vol. 4(1, p. 1114). 
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compouiul catenary suspension with loop-type hangers : the laced suspen- 
sion, however, possessing the additional advantage of a good electrical 
connection between tlie auxiliary catenary and the trolley wire at rela- 
tively short intervals. The tests demonstrated that with two 0-46-in. 
trolley wires, arranged in the same horizontal plane, currents of from 
2000 to 3000 amperes could be collected sparklessly by a single pantagraph 
at speeds up to 70 inl.p.h. 

Cross catenary construction. In cases where a large number of tracks 
have to be spanned — c.g. at goods yards, train-shed fanways, etc. — the 
catenary wires are suspended from transverse span wires, which are 
erected with considerable sag between towers on each side of the track. 
By this method, tlio heavy top girder, which would be recpiired in gantry 
construction, is dispensed with, but higher towers are necessary on 
account of the sag in the span wire. 

Views of typical cross-catenary construction are shown in Figs. 441, 
442, the former illustrating the construction at curved track (on the 
Norfolk and Western Railway), and the latter illustrating the construction 
at straight track. The view in Fig. 442 shows a portion of the Oak 
Point Yard (of the New Haven Railroad), where approximately 42 miles 
of track an^ electrified. 

In each case the main (jatenary insulators arc suspended from the 
span wires by droppers of various lengths, so that the insulators are in 
the same horizontal plane. h]ach span wire is provided with turn buckles, 
whi(^h are attached dire(jtly to the towers. Lateral stability is obtained 
by horizontal steady wires, which are insulated from the towers and from 
the catenary and trolley wires. 

Fig. 442 also illustrates some examples of bow deflectors* which are 
necessary at junctions in order to provide a smooth passage for the 
bow when crossing from one wire to another. The type of deftector 
shoAMi in the figure consists of a light angle-steel framework, which is 
supported between the converging trolley wires, so that the lower edges 
of the longitudinal members are level with the trolley wires. The bow 
(‘ollector is therefore provided with a continuous |)ath of coiitacd, and 
fouling of <h(! wires is thereby prevented. 


OVEKHKAO OoNSTKL’CTION ON ThRKK-PHASE HaILWAYS 
< Fig. 443 is a view showing single catenary construction installed on a 
section of the Italian State Railways. Vertical fh^xibility of the trolley 
wire is obtained by a parallel -motion linkwork. This linkwork also 
provides the necessary lateral stability for the troll(\y wire. 

When the of)crating voltage does not exceed about 4000 volts, insu- 
lated hangers, sus])cn(ied from span wires in a manner similar to that 
adopted for side-])ole construction on tramways, are practicable. But 
to avoid too large a sag in the trolley wire short spans must be adof)ted. 

Typi(jal views of the overhead construction on the Oiovi-Genoa lines 
of the Italian State Railways are given in Figs. 444 to 446.* These views 
show clearly the insulated hang(‘rs and the method of suspension. Triple 
insulation is used throughout, and two types of hang(*rs are adopted. 

♦ The. niithor is indebted to tJie Tramway and Railway World for the blocks of 
Kigs. 44*, 445, 4M». 
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In three-phase railways the portions of the overhead work requiring 
the most care in design and erection are cross-overs and junctions. At 
these places it is necessary to provide a continuous path for each bow 
collector, and at the same time prevent a bow from being in contact 
with wires of opposite polarity. It will be apparent, therefore, that 
neutral sections and section-insulators are required in addition to live 
wires. 

The positions of the live wires, dead sections, and section insulators 
can be determined by marking off, on a plan of the track rails, the space 
swept out by each bow.* If the areas so obtained are marked in a dis- 



Fio. 448. — Overhead Construction at Overbridge (Zurich Station, Swiss Federal 
Railways), showing also International Passenger Train with Oerlikon 2 C 1 
Locomotive (1924 typo) with Geared Scotch-yoke Drive. 


tinctive manner, then it is obvious that dead sections must be inserted 
where these areas overlap. This may be illustrated by considering the 
simplest case of a Y-junction on a single track. A plan is first made of 
the position of the track rails, and the space swept out by each bow is 
then obtained by the use of a template. The result of this process is 
represented in Fig. 447. It will be apparent from this diagram that 
the outer wires may be continuous, but the inner wires must be fitted 
with section insulators and a dead section where the tracks converge 

* This may be done most conveniently by preparing a plan or template (on 
tracing paper) of the wheel-base of the locomotive or motor-coach with the position 
and width of each bow marked. 
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to a single road. The overhead wiring must, therefore, be arranged as 
indicated. The section insulators generally consist of treated wood, and 
have a length of about 3 ft. 

Overhead Construction at Low Over-Bridges and Tunnels 

The minimum height of the trolley w'ire above the track rails is 
determined by the minimum clearance allowed above the “ loading 
gauge.” 

At very low bridges, which have been constructed with the minimum 



Fig. 449. — Construction at Hoosac Tunnel (Boston and Maine R.R.). 


clearance, insufficient space will be available in which overhead wires 
and their supports can be erected. Therefore either the track must be 
lowered to obtain the necessary space, or a dead section (which consists 
of earthed guide wires attached directly to brackets fixed to the bridge) 
must be installed. In the latter case the trolley wire is dead-ended at 
each end of the bridge, and a neutral (or insulated) section is inserted 
between the dead wires and the trolley wires to provide a continuous 
path for the bow. 

At bridges where the necessary space is available for the erection of 
overhead wires, the design of the supports* for the insulators, etc., will 
be influenced largely by local conditions. In cases where the width of 
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the bridge is not great, an insulated framework can be fitted to the 
underside of the bridge, as shown in Fig. 448. 

In all cases where live wires have to be taken under bridges, etc., 
the gradient between the two levels of the trolley wire must be such 
that the bow will remain in contact with the trolley wire at all speeds, 
otherwise considerable flashing will occur. With the ordinary type of 
bow collector, a gradient of 1 in 50 is satisfactory at speeds of 40 ml.p.h., 
but at higher speeds and with a pantagraph collector the gradient must 
be limited to about 1 in 100. 

Fig. 449 shows the application of the single catenary system to a 
double-track tunnel. This particular construction is installed in the 
Hoosac Tunnel (on the Boston and Maine Railroad), which is 25,080 ft. 
(4*75 miles) long. Traflic is handled by electric locomotives supplied 
with single-phase current at 11,000 volts. The electric locomotives are 
coupled to the steam locomotiv^c, and haul the complete train through 
the tunnel. 

The trolley wires for each track consist of two 0‘46-in. grooved 
“ phono-electric ” wires, suspended, in the same horizontal plane, from 
a stranded copper catenary wire (| in. in diameter) by bronze hangers of 
the type shovm in Fig. 450. The copper catenary wire (which is con- 
► tinuous throughout the tunnel) acts also as a feeder. 

The catenary wire is supj)orted at intervals of about 100 ft. on triple 
petticoat porcelain insulators, the corresponding insulators for each track 
being fixed to a framework supported by a pair of similar insulators 
(Fig. 449). The latter insulators are fixed to stirrups, which arc bolted 
to the crown of the tunnel. In order to obtain suflicient clearance, the 
catenary wires are placed 14 in. inside the centre of the track. Each 
insulator will withstand a dry test of 150,000 volts, and two insulators 
are in series between the trolley wire and ground. 'Jliis high factor of 
safety was considered desirable on account of the length of the tunnel 
and the large quantity of moisture present. As the insulators form the 
most important link in the overhead construction, it is good policy to 
adopt a high factor of safety, especially in a long tunnel. Moreover, it 
has been stated* that an insulator to withstand 150,000 volts only costs 
about four shillings more than one to withstand 40,000 volts. 

♦ Trans. A.I.E.K., vol. 30, 1437. Paper by Mr. W. S. Murray on “Trunk 

Line Electrification.” Mr. Murray lias informed tlio author that tho cost of insula- 
tors for a given length of main-lino construction (of tho typo illustrated in Fig. 439) 
is only 1*76 per cent of tho total costs of tho overhead construction. It is, there- 
fore, poor policy to attempt to cut down tho size of the insulators on main -line 
electrifications. 

In connection with tho costs of overhead construction for main lines see a paper 
by Mr. E. J. Am berg on “ Overhead Contact Systems — Construction and Costs ” 
{Trans. A.I.E.E., vol. 34, p. 1459). 
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FEEDING AND DISTRIBUTING SYSTEMS FOR TRAMWAYS AND 
RAILWAYS 

When electrical energy lias to be sui>plied from a power station (or a 
substation) to a number of circuits at a constant voltage, the various 
circuits must be connected to distributing cables (called distributors) ^ 
which are fed at suitable points (called feedirig 'points) by other cables 
(called feeders). The latter cables connect the feeding points of the 
distributors to the station bus-bars, and their function is to maintain 
these points of the distributors at a dclinite voltage. The function of 
the distributors is to supply the circuits at practically constant voltage. 
This dilTcrence in the functions of distributors and feeders has an 
important effect upon the design of these cables. 

Thus, in the design of a distributor, the primnpal consideration is 
the permissible variation of voltage along the distributor. On the other 
hand, a feeder should be designed for minimum annual operating expenses, 
which include the cost of the losses in the cable, together with the interest 
and depreciation charges. 

Traction distributing system. In electric traction systems the trolley 
wires and track rails — or, alternatively, the two sets of conductor rails — 
form the distributors. The loads are represented by the currents taken 
by the cars or trains, and arc variable not only in magnitude but also in 
position. 

In tramways the distributing syskmi must conform to C(n*tain statutory 
regulations, chief among which are the following — 

(1) The voltage at the trolley wire shall not cx(*ccd 550 volts ; and 
that at the generating station (or .sub-station) shall not exceed 650 
volts. 

(2) The trolley wire shall be divulcd into sections not exceeding one 
half-mile in length. 

(3) The potential difference between any tw(j points of the (track) 
rail return system shall not exceed 7 volts. 

Therefore, to comply with these regulations, separate feeding systems 
will be required for the trolley wire and the track rails. 

In direct-current railways using the track rails as a return, the potential 
difference in the track rails must also be maintained within the 7-volt 
limit in order to avoid disturbing the working of telegraphic apparatus 
by earth currents. The positive portion of the distributing system, 
however, has not to conform to statutory regulations with respect to 
voltage regulation and sectionalization at every half-mile. 

On account of the low voltage drop in the track rails, the variation 
of voltage at the cars in overhead systems depends almost entirely upon 
the voltage drop in the trolley wire. In any given case the permissible 
variation of voltage must obviously depend upon service conditions, and 
the^ minimum voltage must be such that the schedule speed can be 
maintained under all conditions of traffic. In some cases a maximum 
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voltage variation of 10 per cent may be permissible, but in other cases — 
particularly in central districts with heavy traffic — a lower maximum 
variation will generally be desirable. 

Length of trolley wire between feeding points. The determination of 
the feeding points for a traction distributor is not so straightforward as 
that for a lighting distributor, on account of the loads being variable 
both in magnitude and position. Moreover, in practice, occasional blocks 
in the traffic will occur, with the result that the number of cars on one 
distributing section may be much greater than that under normal con- 
ditions of traffic. Hence a certain amount of judgment must be exercised 
in deciding upon the feeding points, and each case must be considered 
.separately. 

The permissible length of trolley wire ])etwoen two feeding points 
may be determined when the voltage drop corresponding to normal 
conditions is fixed, and when the current and particulars of the trolley 
wire are known. For tramway traffic, the normal operating conditions 
may be considered to correspond to uniform spacing of the cars along 
the track. The current in a distributing section is obtained from a 
knowledge of the number of cars on the se(;tion and the current per car 
(the average value of which may be assumed to be between 15 and 30 
amperes, according to the type of car, equipment, and service). 

Thus, suppose the normal conditions correspond to a 2|-minute 
service of cars operating at a schedule speed of 8 ml.p.h., the average 
current per car being 20 amperes, .and that a drop of 20 volts is per- 
missible in the trolley wire (which is a single 0-348 in. hard-drawn copper 
wire, havdng a resistance of 0-46 ohm per mile). 

The average distance between consecutive cars ==-- 2-5(60/8) — J ml., 
and the resistance of the trolley wire between these cars == J X 0-46 
= 0*153 ohm. 

Hence the voltage drop in a 1-miie length of trolley wire 
= 0-153 X 20(3 -h 2 + 1) 18-4 volts* 

and that in a IJ mile length 

= 0*153 X 20(4 + 3 + 2 + 1) = 30-6 volts. 

Therefore the length of a distributing section is 20/18*4 — 1-09 mile ; 

* In a distributor f( d from one end ai:d loaded with a niimlx^r of loads, the 
voltage drop is calculatc'd as follows -- 

Let /j, /„ /a, etc., denote the load currents in amperes ,* Lg, L3 . . . denote 
the distances of the loads from the feeding points ; h • • • denote the distances 
between consecutive loads, /j representing tlie distance between the loads and 

etc. Then if r denotes the resisiaiict? of unit length of the distributor, the 
voltage drop (?») from tlic feeding point to the /dh the load will bo 

V - r{Li{Ii + /j + /j -|' . . . /„) h 1* • • • ^n) I" ^ 3(^3 ^ • ^n) 1 • • • 

= r(LiJi + Jy,r, -f- ^31^3 + • • • 
since ^9 > "^3 ~1” ^9 * etc. 

In the special case whon the loads are all equal and occur at equal distances 
along the distributor, wo noplace 

7i, /a, 73 . . . by 7, and /j . . . by f, 

and obtain 

V — rll(n -f (a - 1) + (a - 2) -}- . . . 1) = rll \ - 1) 

in wliich n denotes the number of loads. 
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but, as the trolley wire has to be sectionalized every half-mile, the length 
of a distributing section would be made equal to 1 mile. 

Feeders. If the feeding points of the distributors are maintained 
at constant voltage, the voltage drop in the feeders will have no effect 
upon the voltage variation in the distributors. Hence, under these 
conditions, the voltage drop in the feeders may be selected at a value 
which will result in the most economical operation. 

Now the annual cost of a feeder comprises the cost of the energy 
dissipated, together with the interest and other charges on the capital 
expenditure. The latter can be divided into two portions, one being 
uninfluenced by the cross-sectional area of the cable and the other being 
directly dependent upon the cross section. For example, the costs of 
excavations, etc., laying of ducts and drawing-in will depend only upon 
the length of cable and the number of cables being laid. Similarly, a 
portion of the cost of the insulation will be independent of the cross- 
section of the cable. 

Therefore, let the cost per mile of the cable, laid and jointed, be 
(£)(> = (^ + Ba), where a denotes the cross-section of the cable, B the 
portion of the capital cost w’hich is dependent on the cross-section, and 
A the remaining portion of the capital cost, which is independent of the 
cross section. 

Then, if m is the percentage interest and depreciation charges on the 
capital cost of the completed cable, the annual charges per mile are 
0-01m(£)C' = 0*01m(^ + Ba) 

If I is the r.m.s. value, in amperes, of the current over a period of 
h hours per annum, the annual cost, £(E)j of the PR losses in a cable 
1 mile long and cross-section a sq. in. is given by 

(£)E = /2(0-0425/a) X pA/240,000 

where p is the price, in pence, of a Board of Trade unit (i.e. 1 kW. hour) 
delivered to the cable, which may usually be taken as the price per unit 
delivered to the switchboard. 

[Note— The numeral factor 0 0425 refers to the resistance of a copper 
cable 1 mile long and 1 .sq. in. in cross .section. J 

Therefore the annual cost of the cable is 

m\m(£)C -I- (£)E = 0-01/w(^ + Ba) [- 0-0425(/VWa)/240000, 
which w'ill be a minimum when 

OOlwBa = 00425(/2p//7a)/240000 
Whence Pja’^ - (mBIph) X 5-64 x 10^ 

or Ija (i.e. the current density = 2*61 {mBIph) . . . (57) 

Hence the most economical current density is that which makes the 
annual cost of the lo.s.ses in the cable equal to the variable portion of 
the annual charges on the capital cost.* But if this current density 
exceeds that corresponding to the limiting operating temperature of the 
cable, the cross section must be chosen on the latter basis. 

It is important to note that the voltage drop in the feeder does not 
appear in the above expression, although, when the current density is 
determined, the voltage drop is also indirectly determined. 

Cases will arise with long feeders wdien the voltage drop, corresponding 
* This relationship is usually known as Kelvin's law. 
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to the most economical current density, will be excessive, and in these 
circumstances either the cross section must be increased to give a lower 
voltage drop, or a booster must be used in conjunction with the cable. 

The booster for this purpose consists of a self -excited scries generator 
connected in series Avith the cable, the generator being designed with a 
“ straight-line ” characteristic (i.e. the terminal voltage is directly pro- 
portional to the current). This machine may be driven either from one 
of the main generators or by a separate shunt motor. 

The booster set, however, has losses and capital charges, which are 
additional to the operating costs of the cable. Whether or not a larger 
cable should be employed, or a booster should be installed in conjunction 
with the original cable, wiW depend upon the total annual costs in the 
two cases. 

In obtaining the total annual costs for a ** boosted” cable, the losses 
in the booster may be allowed for by increasing the cost per kW.-hour 
delivered to the cable, and the annual charges on the booster may be 
added to the annual charges on the cable. But the increase in the cost 
of energy delivered to the cable, combined with the additional annual 
charges on the booster set, must be allowed for in determining the most 
economical current density. Hence the above equation must be modified 
as follows — 

If p denotes the cost (in pence) of 1 kW.-hour at the switchboard, 
and rj is the efficiency of the booster set at the average working load, 
then each kW.-hour of boosted energy delivered to the cable will cost 
p/f] on account of the losses in the booster set. Again, if (£)X denotes 
the capital cost of the booster set per kW. output, n denotes the per- 
centage interest and depreciation charges per annum, and (£)Y denotes 
the cost of attendance and maintenance per kW. output jjer annum, 
then the charges on the booster set per kW. output per annum will be 
24()(0-01wA + Y) pence. Hence, if the booster is in service h hours per 
annum, the charges per kW.-hour will be 240(0*01/^A + Y);h pencCy and 
the total cost of 1 kW.-hour delivered to the cable will be 


[Ph ^ 240(()*01mX + T)///] peyice. 

Therefore, the annual cost of the boosted cable (of cross-section 
a' sq. in.) will be 


^ IVi 0 0425 (p /OOlaX+n^ ) 

O OhniA f Ba ) |- X ^4^ ^ + ( h ) 

Whence, the most economical current density (Ija*) is given by 
/ ^ / jfiB 

a' Y h[(p!rj) +”240(0-( 


)'0inX t Y)i'h\ 


(58) 


Examples, (1) Determine the most economical cross-section for an 
unboosted feeder, 1 mile long, which is in service 15 houi’s per diem, the 
r.m.a. value of the current during this period being 150 amperes. Tlie vari- 
able component of the cost of the completed paper-insulated cable may be 
taken at 4185 per ion of copper : the interest and depreciation charges are 
7 per cent, and the cost of 1 kW. hour delivered to the cable is 0*6 pence. 

As the weight of copper in a 1-sq. in. cable, 1 mile long, is 9'1 tons, the 
term B in equation (57) is (9-1 X 85 =) 774. Hence 

I/a = 237-5 V[7 X 774/(15 X 305 X 0-0)] = 305 A. per sq. in. 

The cross section corresponding to this current density is (150/305 ==) 
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0*492, say 0*5, sq. in., for which the safe continuous working current is 
540 A. 

The voltage drop corresponding to the r.m.s. current is (150 X 1 X 
0*0425/0*5 = ) 12*75 V., and if the maximum current is 2*5 X r.m.s. current 
the maximum voltage drop will be (2*5 x 12*75 =) 31*9 V. 

(2) Determine tlie most economical cross section for a boosted cable, 
2 miles long, which is in service 15 liours per diem, the r.m.s. value of the 
current during this period being 150 A. The capital cost of the booster set 
(including switchgear) may be assumed as £15 per kW. output, on which the 
interest and depreciation charges are 12 per cent per annum. The cost of 
attendance and maintenance may be assumed as £0*4 per kW. output per 
annum. 

Assuming the eflicicncy of the booster set at the load corresponding to 
the above r.m.s. current to be 75 per cent, and substituting in equation (58),' 
the most economical current density for this boosted feeder is 

I_ ^ 237-5 / 7 X 2 X 9*1 X 8.5 

a' ‘ Vl5 X 365 [(0*6/0*75) + 240 (0*01 X 12 X 15 + 0*4)/15 X 365 

-- 353 A. per sq. in. 

The cross section corresponding to this current density is (150/353 =) 
0*425 sq. in. A 0*4 sq. in. cable would be employed. 

The voltage drop corresponding to the r.m.s. current is (150 X 2 X 
0*0425/0*4 = ) 32 V., and that at the maximum current (i.e. 2*5 X r.m.s. 
current) is (2*5 X 32 =) 80 V. 

If the bus-bar voltage is 25 volts higher tlian the voltage at the feeding 
points, the maximum voltage required from the booster will be (80 - 25 = ) 
55 volts. Hence the maximum rating of the booster is 
(55 X l.>0/1000 =) 8*25 kW. 

These examples show' that an extensive tramway system, with heavy 
traffic, will require a number of boosted feeders for the positive distri- 
buting system when the su})ply is given from a central power station. 
In many cases it may not be possible to supply the system economically 
in this manner, and in these cases the low-tension distributing system 
must be supplied from a number of substations, which may be located 
in the immediate neighbourhood of the distributing sections, so that 
only short feeders are required. 

Positive Feeding and Dlstributino Systems for Tramways 

The method of feeding the distributing sections of the trolley wire 
will be influenced largely by traffic and economical considerations.* 
In districts with very heavy traffic, the traffic considerations w\\\ usually 
preponderate, and the feeding system must be arranged so that the 
opening of a feeder circuit breaker at the generating station or sub- 
station will only affect a small portion of the traffic. Under these 
circumstances a separate feeder is desirable for each half-mile section 
of the trolley wire, and these feeders must be supplied from substations. 

In cases of extremely heavy traffic the conductivity of the half-mile 
sections of the trolley wire may require to be increased by continuing 
the feeder, or another auxiliary feeder (which may consist of an additional 
trolley wire), along the section and tapping the trolley wires to the 

* For detailed examples of the design of the feeding and distributing system 
see a paper by Mr. Henry M. Sayers on “ Tho Calculation of Distributing Systems 
for Electric Traction under British Conditions *’ {Joum. vol. 29, p. 692). 
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auxiliary feeder at frequent intervals. But with conduit tramways the 
relatively large cross-section of the conductor rails provides sufficient 
current-ca.rrying capacity for the heaviest conditions of tramway traffic, 
and auxiliarv feeders are unnecessary. 

. Qi the other hand, with light traffic, considerations of economy 
become of greater importance, and several half-mile sections of the trolley 
wire must be supplied from a single feeder. Two methods are shown 
diagrammatically in Fig. 451. In these diagrams the section insulators 
in the trolley wire are indicated, as well as the “ section ” and “ feeder 


(«) 




Fig. 451.“ Metlioda of Feeding and Seetionnli/ing Trolley Wiu s for Tramways, 


pillars,”* which contain the s\vitche.s for isolating the sections of the 
trolley wire. 

In one case the trolley wire is used as a distiihutor, and each dis- 
tributing section comprises two or more half-mile lengths of trolley 
wire. In the other case (which permits the use of a smaller number of 
feeders), feeders of large cross section arc run to a few points in the 
system, from which the current is distributed to the various half-mile 
sections of the trolley wire by means of graded distributing cables. This 
method is more economical in copper than the first method, as longer 
distributing sections are obtained. J^Ioreover, the variation of voltage 
between adjacent half-mile sections of the trolley wire is smaller than 
that for the first method. 

On the other hand, in the event of the feeder circuit breaker opening, 
or a breakdown of the feeder occurring, the second method results in a 
greater temporary interruption of traffic than the first method. But, 
in the case of a breakdown of the feeder, the sup})ly can be maintained 
to either side of the feeding point through the distributors connected to 
the adjacent feeders, although this may result in the overloading of 
some of the distributors. 

The methods of maintaining continuity of service— due to, say, a 
* Feeder and section pillars are discussed on p. 626. 
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breakdown of a feeder — in the two cases are of interest. Thus, suppose 
a fault occurred on feeder Y, With the system of Fig. 451(a) feeder pillar 
No. 6 would be visited first, and the feeder switch opened. Section 
pillars Nos. 3 and 7 would then be visited, and the section switches in 
these pillars would be (closed, thereby dividing the load of feeder Y 
between feeders X and Z, In some cases it may be desirable to open 
the section switches in pillar No. 5. 

With the system of Fig. 451(6), feeder pillar No. 5 would be visited 
first, and the links interconnecting the distributor and feeder switches 
would be removed. Feeder pillars Nos. 3 and 7 would then bo visited, 
and the distributor switches would be connected together by a link, as 
indicated in Fig. 451. One half of the section normally supplied from 



aiii 

-Negative 

Fig. 452. — Variation of Voltage along Kail with Uniform Current Loading. 

feeder Y is then transferred to feeder JC, while the other half of the 
section is transferred to feeder Z. 

Negative Feeding and Distributing Systems for Tramways 

Voltage drop in rails. The exact calculation of the voltage drop in 
the track rails is complicated on acc^ount of leakage currents due to the 
rails being uninsulated. For instance, a portion of the return current 
may reach the station via the earth, and the eartli may also act as a 
diverter (or shunt) to the track rails, thereby relieving the rails of some 
of the return current. Although it is y)ossible to calculate the voltage 
drop in the track rails under the latter conditions,* it is preferable to 
neglect the effect of the conductivity of the earth, and to design the 
distributing sections so that the voltage drop under the worst conditions 
does not exceed the statutory limit of 7 volts. 

If the current in the rails is due to a number of cars, c([ually spaced 
along the track, the voltage drop in a length of the track rails can be 
calculated by a method similar to that adof)te(l for the trolley wire. In 
determining the resistance of the rails, the resistance of the bonded, or 
welded, joints must be included ; but if the cross-bonding occurs at 
frequent intervals, the individual track rails may be considered as being 
permanently connected in parallel. For example, the resistance of 1 mile 
of B.S.S. No. 7 tramway rail (including resistance of bonded joints) is 
0-047 ohm, and therefore the resistance of I mile of double track may 
be considered to be 0-012 ohm. 

The average voltage drop in the rails under normal conditions should 
be assumed at a value not in exce.ss of 5-0 volts, in order to allow for 
possible future developments of the tramway system, as well as the 
effects of blocks in the traffic, and “ bunching of the cars at certain 
parts of the system. 

* See Tfie Electrician, vol. 45, p. 595. 
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With the voltage drop given, and the resistance of the track known, 
the length of the rail distributing sections can be determined from a 
knowledge of the electric loading. In many cases it is convenient to 
consider that the loading is uniformly distributed throughout the dis- 
tributing section (i.e. the current decreases uniformly from the feeding 
point), so that the voltage drop along the section follows a parabolic 
law.* The length of a distributing section corresponding to a definite 
voltage drop is then readily determined, and the position of the feeders 
naturally follows. As the rails are continuous throughout the system, 
the curve of voltage drop between adjacent feeding points will be 
a parabola with the zero points at the feeding points. Fig. 452 represents 
these conditions, the straight lines o c o' c o" representing the distri- 


Rail 



Fio. — Distribution of Ixjakage Curronts. A, equally loaded 

rail sections ; i?, unequally loaded rail sections. 


billion of current along tlic rail, and the parabolas r a; y Vg 
variation of the voltage droj) ; the feeding points x y being at the same 
potential. 

Now the feeders connect the points x, y of the rails to the negative 
bus-bar, and, therefore, with vnifonn electric loading of the rail sections, 
tlie feeders must be designed for the same voltage drop. Hence, when 
long and short feeders are in use on the same system, equality of voltage 
drtq) in the several feeders must be obtained either by connecting resis- 
tances in scries with the short feeders, or by neutralizing a portion of 
the voltage drop in the long feeders by means of boosters. f 

Of these methods, the more economical one for given conditions 
will depend upon the relative values of the operating costs with resis- 
tances and with boosters. J But when series resistances are employed 
the voltage drop in the feeders and resistances affects the voltage 
variation at the cars and must, therefore, be taken into account in 
computing the operating costs. On the other hand, with boosted feeders, 

* If i is tho rato of increase of the current along the rail from the dividing point 
(where the current is zero) and r is tho n'sistanco of unit length of the rail, then the 
current at any point, distant x from tho dividing point, will be ix. and the volta^ 
drop in an element of rail Iciigtli dx will Ix^ ix r dx. Hence the voltage drop {v) in 
a length L from the dividing point will lx> given by 

y* ix r dx — ir 

Thus V is proportional to L*, and the curve connecting r and L is a parabola. 

f Boosters used in this manner (with negative feeders) are called negaiive 
boosters, 

t In this connection see The Electrician, vol. 73, p. (507, whore comparative 
costs have been calculated for tlie two cases by Mr. H. M. Sayers. 
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the resultant voltage drop between rails and negative bus-bar may be 
adjusted (within limits) to any value desired, including zero. 

Ideal conditions. The ideal conditions for a negative feeding system 
are represented diagrammatically in Fig. 452. The voltage drop along 
each distributing section of the rails is the same throughout the system, 
and, consequently, there is no tendency for leakage currents to pass 
between the sections. If the conductivity of the earth is uniform through- 
out the sections, the distribution of the leakage currents will be as 
indicated in Fig. 453(a). On the other hand, if the voltage drops are 
unequal, there is an interchange of leakage current between adjacent 
sections as indicated in Fig. 453(6). Hence, to prevent the interchange 
of leakage currents when adjacent sections are unequally loaded, the 
voltage drops must be equalized by adjusting the lengths of the sections 



Fig. 454. -Connections of Feeders and Boosters in Tramway System. 
(Typical Circuit Voltages and Voltage Drops are Indicated.) 


in the inverse ratio of the square roots of the loading. Thus, if /j, I^ 
denote the intensity of the loading (amperes per mile) in sections of lengths 
Li, I^ respectively, then ^I^rL^ = lI^rL^, or L^jL^ = Vihlh)* where r 
denotes the resistance per mile of track. 

Therefore, a large tramway system, supplied direct from a central 
power station, will require boosters for the negative feeding system as 
well as for the positive feeding system. 

Connections of boosters. Although the boosters for the positive and 
negative feeders are series machines, with similar characteristics, the 
methods of operating them are different. Thus, the positive boosters 
are operated self-excited. The negative boosters, however, are separately 
excited ; the armature being connected in series with the negative feeder, 
and the field winding being connected in series with the positive feeder 
supplying the corresponding sections of the trolley wire. The “ boost ** 
on the feeder is adjusted by means of a diverter rheostat connected in 
parallel with the field winding. Fig. 454 shows the connections. 

Feeder and Section Pillars for Tramways 

(1) Overhead tramways. The sectionalizing of the distributing system 
is carried out by means of switches located in feeder and section pillars, 
which are placed in convenient positions adjacent to the track. 




Fio. 465. — ^Fiont and Back ViewB of Section Pillar (British Insulated Cables). Fio. 456. — Section and Feeder Pillar 

(Brecknell, Munro, and Rogers). 
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With the ordinary type of section insulator (Fig. 416, p. 676), a 
section pillar is required at every half-mile of the route ; the pillar 
containing the switches for disconnecting the sections of the trolley wire 
from one another and from the feeder or distributor. 

Tsrpical section pUlars are illustrated in Figs. 455, 456. In the pillar 
shown in Fig. 455 (which is suitable for any of the intermediate section 
pillars in the graded distributor method of distribution shown in Fig. 
451(a) ), the four switches on the upper portion of the panel control the 
adjacent sections of the trolley wire for the “ up ” .and “ down ” tracks, 
and the two lower switches control the distributors which supply these 
sections. The two sets of switches .are connected through a choking 

coil (as shown in the view of the back of the 
l)anel) : the trolley swatches are also corf- 
nected to a lightning arrester, which can 
be seen on the right-hand side of the back 
of the panel. Thus, lightning discharges 
striking the trolley wares are prevented 
from reaching the distributors. The front 
of the panel is arranged for a telephone set 
by means of which motormen and linesmen 
ni.ay communicate with the supply station. , 
Fig. 456 illustrates a pillar suitable for 
the feeder pill.ars (Nos. 1, 5, 9) in the method 
of distribution shown in Fig. 451(6). The 
four upper swatches control the trolley -wire 
sections, and the three low'er swatches control 
the feeder and distributors. 

The arrangenuait of a negative feeder pillar is indicated diagram- 
matically in Fig. 457. The negative feeder is connected to the track 
rails through a removable link, and the potential leads from the rails 
.are connected to a set of terinin.als, which may be connected by suitable 
links to pilot wires running from the feeder pillar to the Hoard of Trade 
panel at the station. The station ends of the pilot wares are connected 
to recording voltmeters, which record the potential difference between 
the various points of the rails as required by statutory regulations. 
The pillar is also equipped wdth a m.aximum demand indicator, which 
is connected between the negative feeder and the earth plates. This 
maximum demand indicator enables a record to be obtained of the 
maximum current returning to the station via the earth plates. 

(2) Conduit tramways. The arrangement of th(i standard feeder pillar 
adopted for the conduit lines of the London County Council tramways 
is shown in Fig. 458. The j)illar contains two panels, each of which is 
fitted with four single-pole switches, the swatches on the upper panel 
controlling, normally, the positive conductor rails. Each feeder ter- 
minates in a stud which may be connected to the switches on the 
respective panels by means of links at the back of the panels. In this 
manner several (jombinations between the fe^eders and the conductor 
rails can be made. Thus, in diagram No. 1 , the feeders are connected to 
the left-hand switches ; in diagram No. 2 they are connected to the 
right-hand switches ; in diagram No. 3 the links are arranged sq th^^t 
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Fig. 457 — Arraiigoment of 
Negative PVedor Pillar. 
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both of the adjacent sections of the track are fed from one feeder ; and 
in diagram No. 4 the feeder is disconnected from the switches, and the 
right- and left-hand switches are connected together, so that one section 
of the conductor rails is fed from an adjacent section. 

In the event of a fault occurring on the positive conductor rail of one 
section the fault must be transferred to the negative side of the system 
in order that the service may be continued. The feeders are, therefore, 


N91. N92. 



Fia. 45S. — Arrangomont of Switches in Foeder Pillars for 
Conduit IVainways. 


arranged so that their polarity may be reversed when required, this 
operation being carried out by means of reversing switches on the sub- 
station switchboards. 

Feeding and Distributing Systems — Direct-current Railways 
Location of substations. The design of the feeding and distributing 
system for urban and suburban railways, operating at an average voltage 
of 600 volts, is closely connected with the location of the substations. 
The distance between the substations is generally determined from 
considerations of the permissible variation of voltage at the trains, but 
it is advisable to consider also the location which will result in the 
minimum annual cost. In considering the voltage drop permissible in 
the conductor rails, the possibilities of delays due to signal stops should 
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be taken into account, as well as the maximum service which is likely 
to occur on the different sections. Moreover, when operating with the 
maximum service, the headway between consecutive trains will be 
smaller than that under normal service conditions, and, consequently, 
the checks at signals will probably be increased. For this reason, it is 
important to consider the position of the signals (especially the “ stop 
signals) and the “ block ** sections in arranging the positions of the 
feeding points. 

The number of trains on a given section of the track is best determined 
from a graphic time-table, which is really a distance time chart for each 
individual train. By means of this chart the position of trains at 
important junctions — where two trains may have to use the same 
crossover — can readily be seen. As a first approximation in the pre- 
paration of such a chart from a completed time table, the distance- 
time curves of the trains may bo assumed as straight lines. When the 
time table is not available, the chart must be prepared from the running 
curves of the trains. If the positions of stations and the “ stop ” signals 
are indicated on the chart, an approximate idea of the maximum load 
on the section can be obtained. 

Method of determining distance between substations. The method to ^ 
be employed is best illustrated by considering a specific case. For 
example, a service of 195-ton motor-coach trains has to be run over a 
double-track railway, on which the distance between the stations is 
2560 ft., the schedule speed being 16 ml.p.h., and the duration of stop 
being 20 seconds. The track may bo assumed to be straight and level. 
The train equipments arc identical with those of the 195-ton six-coach 
train for which the speed-time curve and energy consumption were 
calculated in Chapter XIX. 

The average voltage at the trains is to be 600 volts, and the converting 
machinery, to be used in the substations, is designed to give 600 volts 
at no load and 630 volts at full load. The distributing system consists of 
two (positive and negative) conductor rails weighing 100 lb. per yard. 

The maximum service on the railway is 45 trains per hour in each 
direction,* which corresponds to a headway of (3600/45 =) 80 sec., and 
the voltage drop in the distributing system under these conditions is not 
to exceed 40 volts. 

The distance between trains, on a given track, taking maximum 
current at the same instant is determined by constructing a series of 
distance-time and current-time curves for consecutive trains over a 
fairly long length (3 miles) of track. Such a set of curves, constructed 
from data in Chapter XIX, is given in Fig. 459. Hence, if a group of 
consecutive stations be designated A, B, C, D, etc., then at a given 
instant trains arc starting simultaneously from stations A, D, G. (There 
is, however, a short time interval of 7 seconds between the successive 
starts.) Also, when a train is starting from station B, other trains are 
starting from stations E and F. Thus, the maximum currents may be 
considered to occur simultaneously at stations 7680 ft. apart. 

* This is equivalent to the maximum service run over a portion of the District 

Railway, London. Obviously, this service is only possible in conjunction with 
autotiAktic signalling. 
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The positions of the substations can now be fixed when the system 
of feeding has been decided. In order to simplify matters, we will 
assume that the conductor rails are continuous between the substations 
and that the feeding points are opposite the substations. A little con- 
sideration will show that if the substations are located at the passenger 



stations A, D, G, etc., the maximum voltage drop will occur at the 
intermediate stations B, C, E, F, etc., and will equal 39-6 volts,* which 

* When a train is starting from station B, two-thirds of the starting current 
will be supplied by substation A, and the remaining one -third by substation D, 
assuming eqiwl voltages at the substations. Hence, as the resistance of the bonded 
conductor rails is 0*068 ohm per mile of track, the maximum voltage drop between 
a feeding point and a train is 

} X 1800 X 0*068 X 2660/5280 » 39*6 V. 
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is equal to the specified value. Thus, with this arrangement of the feeders 
and conductor rails, the substations are 7680 ft. (nearly 1*6 miles) apart. 
Of course, if the conductor rails were also fed at intermediate points, 
the distance between the sul stations would be increased ; but in this 
case very heavy feeders would be required, due to the relatively high 
conductivity of the conductor rail (which is equivalent to that of a 
feeder 1*33 sq. in. in cross-section). Moreover, the intermediate feeders 
would probably require boosters in order to make them thoroughly 
effective. 

In this example the positions of the substations have been fixed 
from considerations of the permissible voltage variation at the trains. 
With systems on which the traffic consists of only a few trains per hour. 



Fio. 460. — Most Kconomical Spacing of Substations for 100-ton Trains operating 

on Suburban Service. 

it would be more economical to increase the distance between the sub- 
stations and adopt a system of boosted feeders, as the increased load 
factor on the substations, together with the lower capital charges on 
the substations, will more than compensate for the cost of the boosters 
and feeders. In this connection, the curves of Fig. 460* are of interest. 
These curves show the relationship between the most economical spacing 
of the substations and the density of the traffic for a 36-mile double- 
track railway, having passenger stations 1 mile apart, on which is run 
a service of 100-ton trains at a schedule speed of 16ml.p.h., with stops 
of 20 to 30 seconds duration. The effect of the operating voltage on the 
substation spacing is also shown. 

Sectionalization of distributing system. With low-voltage direct- 
current railways, the lengths of the distributing sections are arranged 
to suit the requirements of the traffic, due consideration being given to 
the sectionalization at cross-overs and junctions. 

The methods of sectionalizing the conductor rails are infiuenced by 
the method of operating adjacent substations (i.e. whether these sub- 
stations are operated in parallel or separately) : they also depend upon 

* From a paper on the '* Economics of Electric Railway Distribution,” by 
Dr. H. F. Parshall. See Minutes of the Proceedings of the Institution of Civil 
Engineers, vol. 199, p. 47. The paper deals very fully with the spacing of sub- 
stationr for various conditions of traffic and various systems of distribution. 
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whether or not the “ up ” and “ down ’* conductor rails of the same 
polarity are cross-bonded. 

When substations operate in parallel a section insulator is inserted in 
the conductor rail opposite each substation, and the ends of the con- 
ductor rails are connected to double-throw (single-pole) switches, as 
shown in Fig. 461. When the switches in adjacent substations are 



Fig. 4G1. Metliod of Feeding Conductor Kails with Substations 
ojKjrating in Parallel. 


thrown into the upper contacts, the section of conductor rail between 
these substations is fed from each end, and the load on this section is 
therefore supplied from both of the substations. In the event of one 
substation being shut doAvn, the switches are throA^m into the lower 



X W Y V Z 

Fig. 402. — Method of Feeding Conductor Kails and “ Train Sections ” 
with SuKstalions operating in Parallel. 


contacts, thereby bridging the section insulators and transferring the 
load to the substations on either side. 

This method of sectionalization, hoAvcver, is not suitable when the 
traffic is operated with motor-coach trains having a power cable between 
the motor coaches, as if a fault occurred wdien the train was passing 
over the section insulator the circuit breakers on both sections would 
be tripped, thereby cutting off power from a considerable length of 
track. This objection can be removed by inserting a separate section 
(the length of which is slightly greater than the extreme distance between 
the front and rear collector shoes) between the main sections, and feeding 
this section separately. Thus, in Fig. 462, two substations are repre- 
sented at A and B. Substation A supplies the sections X, W, Y, while 
substation B supplies the sections Y, V, Z. Of these sections, X, Y, Z 
represent the main sections of the conductor rails, while W, V represent 
the special short sections (called ** train sections”) opposite each sub- 
station. It is apparent that an overload on a main section only, or a 
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main section and a train section together, will only shut down one main 
section. 

In those cases where the substations do not operate in parallel 
provision must be made for bridging the sections supplied from neigh- 
bouring substations, so that, in an emergency, these sections can be 
supplied from one substation. The switches for this purpose are generally 
located in section pillars adjoining the track. 

Another feature in which a system supplied from separate sub- 
stations differs from one in which the substations operate in parallel 
is the cross-bonding of the conductor rails of the same polarity. This 
cross-bonding is usually carried out by switches located in pillars adjacent 
to signal cabins, so that the switches may be operated by the signalman 
on instructions from the responsible department. Under normal con- 
ditions of operation the switches are closed, and the “ up ” and “ down ’* 



Fig. 463. — Arrangement of Conductor Rails and Sectionalizing Switches 
at a Cross -over. 

conductor rails of the same jiolarity are connected together at a number 
of points, so that the full conductivity of the conductor rails is available. 

The method of sectionalizing and feeding the conductor rails at 
station cross-overs is important, as provision must be made, in the 
case of a breakdown, for single-lino working or for shuttle working. 
A diagram showing the switches and conductor-rail sections to fulfil 
these requirements is shown in Fig. 463. 

•> 

Feeding and Distributing Systems — Alternating-current 

Railways 

Calculation of the voltage drop. This calculation, for a feeder or 
distributor, involves the consideration of the effects of resistance, self- 
induction, mutual -induction, and power factor. 

The effect of power factor on voltage drop is showm, for the case of 
a feeder, in the vector diagram of Fig. 464, in which 01 represents the 
current, OV the voltage at the load or receiving end of the feeder, and 
OE the voltage at the generating station. OE is compounded from OV 
and VE, which represents the voltage drop due to the impedance of the 
feeder. The impedance voltage, VE, may be resolved into a component, 
Fa, in phase with the current, and a component, aE, in quadrature 
(leading) with the current. These components are numerically equal 
to IR and 2iTfLI respectively, where I denotes the current, / the frequency, 
and R, L the resistance and inductance, respectively, of the feeder. 
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The actual voltage droi) (v) in the feeder (i.e. the arithinetio difference 
between the voltages at the two ends) is given with sufficient exactness 
by VA, since, in practice, a is a very small angle. Hence, from the 
geometry of Kg. 464, 

V = I(R cos (f) + 27rfL Bin<f>) . . . . (59) 

The inductance can be calculated from the dimensions and spacing 
of the conductors forming the circuit.* With two similar parallel wires 
of radius r, spaced at a distance D apart, the induc- 
tance (in henries) per route mile is given approximately 
by L = 0-00161(0-921ogD/r + 0-1^) . . (60) 

where is the permeability of the conductor (/^ = 1 for 
all non-magnetic materials). In this equation the first 
term is due to the magnetic field external to the con- 
ductors, and the second term (0*l/i) is due to the 
magnetic field inside the conductors. 

With a traction circuit, however, the trolley wire 
and rails differ considerably in dimensions and magnetic 
properties ; and therefore the inductance of such a 
circuit must be obtained by calculating separately the 
inductance of each part. Now the self -inductance of 
a single straight isolated wire is given (in henries) by 
L, = 2/[2*3 log(2///') - 1 \fjL\ X 10-» . . . (61) 

in A^hich I and r denote respectively the length and 
radius of the wire in centimetres. 

But if this wire forms part of a circuit, the mutual 
inductance of the return conductor must be considered 
in calculating the inductance of the outgoing wire. 

For example, if the return portion of the circuit 
consists of two conductors parallel to tlie outgoing conductor and /, I^, 1 2 
denote the currents in the conductors, I being the current in the outgoing 
conductor, then, since / = (/j I- /g), the inductance of a length I (cm.) 
of the outgoing conductor is given by 



= -h 2-3 log[(/>/i/^ X l>/2/0/r]) X 10-» (62) 

where r is the radius of the outgoing conductor, and i> 2 , are the 
distances between the outgoing and each return conductor. 

The inductance of a length I (cm.) of one of the return conductors 
(say, No. 1) is given by 

L. - a r (m log I - 1 + i /.) - (2-3 log I,; - 1) 

+ £’(2.3log|-l)]xI0* 

= + 2-3 log(i>i^/VriI>3^«'^i)]X 10’» 

* Soe tho author’s Theory and Practice of Alternating Currents, p. 37. 



Fig. 464. 
Vector Diagram 
for Feeder. 
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where is the radius of this conductor, its permeability, and the 
distance between the two return conductors. 

Similarly, the inductance of a length I (cm.) of the other return 
conductor (No. 2) is given by 

£2 = 2 Z[ 4/£2 + 2-3 log x lO"® 

where r 2 is the radius of this conductor and permeability. 

Example, A single-track, standard gauge, single-phase railway is laid 
with 80-lb. track rails, wdiicli are cross-bonded, the distance betweijn the centres 
of the rails being 4*9 ft. The copper trolley wire is 0-5 in. in diameter, anil 


Trolley Wiro 
BoosterDJSCnbutor (Inner^ 

Booster TrdinsFermers 

Boostmr Ca.ble 

_______ Booster- Distributor COuterj 

Track Rsils 


Ficj, 4t).). - Method of Connecting Hoo.ster Transfonners for Neutralizing 
Voltage Drop in Rails. 

is suspended centrally 17 ft. above the rails. Calculate the inductance per 
mile. 

On account of the symmetrical aiTangemont of the trolley wire and rails, 
the inductive effect of the latter upon the former will be the same as if the 
return current passed through a single conductor [ \/(l72 -f- 2*45*) = ] 

17- 17 ft. below^ the trolley wire. 

The inductance of 1 mile of the trolley wire is 

2 X 0-00161 [0-25 f 2-3 log (17-17 X 12/0-25)] - 0-00223 henries. 

To calculate the inductance of the rail return th4^ ecpii valent radius and 
the permeability must be known. 

The former may bo considered equal to (perimeter of rail/2 J) : the latter 
depends upon the chemical composition of the rail, and on the current passing 
through it. In the pre.sent case we will assume the perimeter of the rail as 

18- 8 in., and the permeability as 40. Hence the inductance in henries per 
mile of the rail return is 

4 X 2 X 0-0016111 X 40 + 2-3 log 17-177(18-8 X 4-9/2 tc x 12)] 

Note. The index 2 in the logarithmic term is obtained from the ratio 
of the current in the ti-olley wire to the current in one rail, each rail being 
assumed to carry one-half of the current in the trolley wire. 

Impedance of rail return. In calculating the impedance of the rail 
return due consideration must be given to the fact that the effective 
resistance of the rail when carrying alternating current is higher than 
the resistance when carrying direct current owing to the “ skin effect 
(i.e. the concentration of the current to the outer portion of the rail), 
the magnitude of which depends upon the frequency and the magnetic 
properties of the conductor. In the case of conductors consisting of 


lUI 
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FEEDING AND DISTRIBUTING SYSTEMS 


635 


magnetic materials, the current is confined to a thin surface layer of 
the conductor, the thickness (5) of which is given by 
d = \/(p/27r/ACo) 

where p denotes the specific resistance of the material, jj, the permeability 
and o) = 27 r X frequency. 

From a number of tests* on track rails carrying alternating currents, 
the thickness of the surface layer has been computed at from 3 to 4 



Fig. 466. — Booster Transformer and Soctionalizing Switch 
on Swedish State Railways (A.S.E.A.). 


millimetres for the frequencies and currents appropriate to alternating- 
current railways. The equivalent resistance of the track rails when 
carrying alternating currents may therefore be calculated from d, p, 
and the perimeter (p) of the rail. 

Assuming d = 3 mm. and p = 8 x 10’* ohms per inch cube, the 
equivalent resistance (B) per foot of rail is given by JB = 813/p X 10‘® 
ohms, p being the perimeter of the rail in inches. 

Hence the equivalent resistance of 1 mile of cross-bonded single track 
laid with 80 lb. rails is (1-2 X i X 6280 X 10*® X 813/18-8 ==) 0-15 ohm. 
[Note. — ^The factor 1-2 is to allow for the resistances of the joints.] 

* Electrician, vol. 56, p. 767. 
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Therefore, in the above example, if the frequency is 16f cycles per 
second, the impedance per mile of track return 

^[0-152 + (27r X 16§ X 0*0025)2] = 0*3 ohm. 

If the return current is 120 amperes, the voltage drop per mile of 
track return = 120 X 0*3 = 36 volts. 

Thus the use of the track rails solely as return conductors in alter- 
nating-current systems involves large potential differences along the 
track which may cause serious interference with telegraphic and other 
apparatus employing an earth return. 

Methods of relieving rails of return current. If the potential difference 
between any two points of the rail return is to be maintained at a low 
value the rails must be relieved of a large portion of the return current. 



Fig. 4(i7. — Method of Connecting Overhead Feeders and Trolley -wire 
to Minimize Interference Effects on Neighbouring Circuits. 

which may be effected by the use of a distributor cable in conjunction 
^vith booster transformers. Such a system is shoAvn diagrammatically in 
Fig. 465, in which the sections of the trolley wire arc supplied from the 
inner conductor of a concentric distributor, which is divided up into the 
same number of sections as the trolley wire, the sections being connected 
through the primary windings of the booster transformers (of 1 : 1 ratio). 
Thus the primary windings of the booster transformers are all connected 
in series. The secondary windings of these transformers are also con- 
nected in series by a single insulated cable (called the “ booster ” cable), 
which is connected at certain points to the (earthed) outer conductor 
of the concentric distributor, this conductor being also connected to the 
rails at frequent intervals. 

Hence, since the booster transformers have a ratio of unity and the 
secondary winding is connected to a closed circuit, the primary and 
secondary currents will be practically equal (the difference between these 
currents being equal to the magnetizing current of the transformers), 
and consequently the cable connecting the secondary windings of the 
transformers must carry a current approximately equal to that in the 
inner conductor of the concentric distributing cable. Therefore prac- 
tically all the return current will be drawn from the rails into the booster 
cable. 

The E.M.F. in the secondary winding of the booster transformers 
(which neutralizes the impedance voltage drop in the secondary circuit) 
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is obtained from the primary winding, so that the voltage drop in the 
return conductor is transferr^ to the outgoing conductor (i.e. the inner 
conductor of the concentric distributing cable). 

Fig. 466 shows a booster transformer and section switch installed on 
the 16,000-volt lines of the Swedish State Railways. The booster trans- 
formers are located at intervals of about 2-8 kM . (1‘75 ml.). In this case, 



however, the booster cable is a single bare conductor supported, by insula- 
tors, from the poles at approximately the same height as the trolley wires. 

Interference effects on telegraph and telephone circnits. Single-phase 
currents in trolley wires produce electromagnetic and electrostatic distur- 
bances in parallel telegraph and telephone circuits. In some cases the 
disturbances have been so severe that the telephone circuits have had to 
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be run underground, and in other cases various devices have had to be 
adopted to neutralize the inductive effects in the auxiliary circuits.. 

The electromagnetic inductive effects can be minimized by employing 
booster transformers and a return conductor arranged parallel to the 
trolley wires, as in Figs. 428, 466. 

Alternatively, the scheme shown diagrammatically in Fig. 467 may be 
employed. In this case the feeders are supplied at double the voltage of 
the trolley wire, the latter being fed from the former through auto- 
transformers. The centre point of the winding of each auto-transformer 
is connected to the rails. Hence the currents in the portions of the trolley 
wire between adjacent transformers are in opposite directions — as shown 
in Fig. 467 — so that the resultant inductive effect on a neighbouring circuit 
is practically zero. This arrangement of the feeders and trolley wires also 
minimizes the electrostatic effects on neighbouring circuits. 

On the New Haven electrified lines the auto-transformers arc of the 
outdoor type, and are placed alongside the track at intervals of from 
2 to 8 miles, according to the density of the traffic. The sectionalizing 
switches — which also form overload circuit -breakers — are of the electric- 
ally-operated oil-break type, and are placed on the top of the sectionalizing 
gantries, the switches being controlled from an adjacent signal cabin. A 
typical sectionalizing gantry, showing the switches and the outdoor auto- 
transformer substation, is shown in ¥\g. 468. ^ 



CHAPTER XXVII 

SUBSTATIONS 

The supply of energy to the distribution systems of extensive railways 
is best effected from substations, as, even with single-phase electrifica- 
tions, the distribution voltage is too low for the transmission of large 
amounts of energy over long distances. The type of substation plant 
employed will depend upon the nature of the primary supply and the 
system of electrification. Thus if the railway purchases energy from a 
general extra-high voltage three-phase network (or “ grid ”), rotating 
converting machinery will be nec(‘ssary for both single-phase and direct- 
current clcctrifi(!ations, and may also be required for three-phase electri- 
fications if the locomotive equipments arc built for low frt'quency. On 
the other hand, if the generating stations are d(*.signed solely for supplying 
the railway load, the frequency of the generators can be chosen for this 
load, so that, for alternating-current electrifications, no rotating machinery 
will be nec(^ssary in the substations. 

» 

I. Substations for Single-phase Railways 

111 many European singhi-phase railways the primary siqiply system 
is designed solely for the railway load ; tlic generators bciing single-phase 
low frequency (IGf cycles) machines, wound for the distribution voltage 
(15,000 volts), in order that tracks near the generating station may be 
su|)[)li(»d direct. The substations are supplied by high-voltage (66-132 kV.) 
transmission liiu*s, which are fed through transformers at the gemerating 
station. 

With th(} obj(‘et of saving tlui cost of (‘xpensive buildings for housing 
the transformers and switchgear, modern transfornu^r substations are of 
the outdoor type. The transformers and extra-high voltage sw-itchgear 
are installed out of doors, the switches being })ower operat(‘d and remote 
controlled from a central control room containing desk-type sw itchboards, 
on which are mountcMl the (jontrol switches, rm»asuring instruments, and 
remote indicating devices. The high-voltage lines entering the substation, 
and also the fe(‘ders for the traction distributing system are dead ended 
to steel structures ; and the connections to the switches, transformers, 
etc., are made by bare copper tubes or cables. 

Eigs. 469-471 show typical substations of the Swiss Federal Railways. 
The transformers and switches are mounted above ground level on con- 
crete blocks ; the layout being such as to facilitate the removal and 
replacement of any piece of apparatus. When sufficient ground area is 
available the apparatus is so arranged that the interconnections are self- 
supporting, thus eliminating a large number of steel structures and 
insulators which would otherwise be necessary. This layout, however, 
requires more ground area for a given number of transformers, switches, 
etc., than that (Fig. 469) in which the interconnections are suspended 
from insulators attached to lattice gantries. 

These outdoor substations have given very satisfactory service in 
Switzerland under all conditions of w^eather, and the switchgear has been 
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Fig. 471.— 3000 kVA. Transformers in Outdoor Substation of Swiss Federal 
Railways. [Brown-Boveri.] 
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unaffected by heavy snowfalls (the substations continuing in service with 
the 15 kV. switchgear insulators covered in snow). 

The Stockholm-Gothenburg main lines of the Swedish State Railways* 
however, receive energy from a 50-cyclc, three-phase, 132-kV. network, 
and accordingly the substations have had to bo equipped with converting 
plant. The substations are situated at railway stations about 80-100 kM. 
(50-62 ml.) apart, and are equipped with transformers and motor- 
generators. The three-phase step-down transformers and the 132 kV. 
switchgear are of the outdoor type ; but the single-phase stop-up trans- 
formers, the (16 kV.) switchgear for the traction circuits, and the switch- 
gear for controlling the motor-generators, are of the indoor type. The 
motor-generators (of which there are twelve distributed between five 
substations) each consist of a three-phase 12-polo synchronous motor 
(3200 kVA., 6,300 volts), a single-phase 4-pole alternator (2400 kVA., 
3000 volts), and exciters. The motor is arranged for self-starting from 
an auto-transformer, and the alternator of each set is directly connected 
to a step-up transformer (3000/16,000 volts) from which the traction 
circuits are supplied. This transformer ])rotects the alternator windings 
from the effects of short-circuits and lightning discharges on the trolley 
wires. 

II. Substations for Direct-Current Tramways and 
Railways 

These substations must be equipped with either rotating converting 
machinery (e.g. rotary convertors, motor-converters or motor-generators) 
or static (mercury-arc) rectifiers. In cases where the supply frequency, 
distribution voltage, physical conditions of location, and special operating 
conditions (e.g. regenerative braking) do not restrict the choice of plant, 
the type of plant to be installed is obviously that which will give the 
lowest annual cost (which is made up of (a) the capital charges on the 
plant and buildings ; (6) the fixed “ running charges, e.g. the costs of 
attendance and maintenance ; and (c) the variable “ running charges, 
i.e. the costs of the energy losses in conversion, repairs, and overhauls). 
Of the rotating types of substation plant the rotary converter has the 
lowest annual cost, and, therefore, for low-voltage traction systems the 
choice of plant will rest between the rotary converter and the rectifier. 
With high-voltage traction systems, however, the choice will rest usually 
between the rectifier and the motor-generator. But if regenerative braking 
is to be employed, the comph^to equipment of the substations with recti- 
fiers is inadmissible. 

In view of the importance^ of rotary converters, rectifiers and motor- 
generators in the equipment of traction substations, we shall consider 
briefly their characteristics and operating features. 

Rotary Converters 

General. A rotary converter consists of a stationary field magnet (Fig. 472 ) 
and a rotating armature (Fig. 473) having a single winding which is connected 
to both a commutator and a set of slip rings. Energy in the alternating- 
current form is supplied to the slip rings and is converted, by the synchronous 
rotation of the armature, into the direct-current form. For a given flux 
distribution in the air gap a fixed ratio exists betwt*en the voltages at slip 
rings and commutator, the slip-ring voltage being lower than the commutator 
voltage. 




F'ig, 472.- - ^Magnet Frame of Rotary Converter. (B.T.-H. Co.) 

INOTE. — The main poles shoes arc laminated and are fitted with a damping winding (consisting 
of short-circuited cojipor bars) for the purpose of damping oscillations in speed due to 
irregularities in the sujiply freq\iency.] 
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When supplied with alternating current the rotary converter is essentially 
a synchronous machine; the speed being given by where 

/ = frequency, p = number of poles. It is sensitive to irregularities in the 
sujmly frequency — such irregularities producfng sii^ng or “ hunting ** — 
ana it may drop out of synchronism when subjected to abnormally heavy 
overloads or to large and sudden reductions in the supply voltage. Reversible 
operation (i.e. direct to alternating) is possible, but precautions must be 
taken to avoid dangerous operating conditions (i.e. excessive speeds), as the 
speed is now dependent upon the resultant excitation. Lagging currents in 
the armature produce a demagnetizing effect on the field magnets and would, 



Fio. 474. — Circuit and Vector Diagrams of E.M.F.’s. for Armature of 
Six-ring, Two-j)olc, Rotary Converter. 


[NOTB.—Circle represents E.M.F.’s. in armature winding ; inscribed hexagon, triangles and stai 
represent E.M.F.’s. between 00®, 120®, and diametrical tappings respectively.] 


therefore, cause an increase of speed if the exciting current were maintained 
constant. 

Compared with other types of commutating machinery the rotary converter 
has a very large overload capacity, which is a valuable asset for traction service. 

E.MJ'. ratio. With sinusoidal flux distribution and sinusoidal supply 
E.M.F. the ratio of slip ring to commutator voltages respectively) at 

no load is given by 

EJEf, ~ 0-707 sin (tc/w)* ..... (63) 

where m denotes the number of slip rings. 

Hence with three rings EJE^ = 0*707 sin Jtt = 0-612. With six rings 
EJEg has the values 0-354(= 0-707 sin|77) ; 0-707(= 0-707 sin Jtt) ; 0-612 
(= 0-707 sin Jtt) ; according to whether the alternating E.M.F. {Eg) is taken 
between adjacent tappings, diametrical tappings, or tappings 120® apart. 
These conditions are represented in Fig. 474. 

Voltage control. In cases where the bus-bar voltage is required to increase 
automatically with increase of load, and the full-load voltage is within about 
15 per cent of the no-load voltage, the voltage variation is obtained by 


* Thus, in a two-polo machine, if the armature has 2N turns, of full-pitch and 
uniformly distributed, the number of turns between adjacent tappings — which 
embrace an angle 2nlm — is 2N jm, and the number of turns between the brushes 
on the commutator is N. Hence if is the flux per pole and / is the frequency 

Eg = 4(7c2/V2)10'»[8in i(27r/m)/J(27r/m)]a>/22Sr/m = (4/V2)10-* <!> f N Bm(i: jm) 
= 4:(t>JN X 10 -» 

Whence EgjE^ = (l/V^) ain (w/m). 
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means of a compound winding on the rotary converter in conjunction with 
inductive reactance in the secondary circuit of the transformer. The object 
of the compound winding is to produce automatically a change of power 
factor with change of load, and so cause a corresponding change in the phase 
of the voltage drop in the circuit, thereby resulting in a change of slip-ring 
voltage. Thus in the vector diagram, Pig. 475, OE represents the E.M.P. 
(assumed to be constant) induced in the secondary winding of the trans- 
former, 01 the current in this winding, OZ the voltage drop due to the 
impedance of the circuit, and OV the voltage at the slip rings. 

In cases where large changes of power factor are inadmissible, or whei*e 
the voltage and power factor are to be regulated independently, the voltage 
variation is best obtained by means of 
an induction regulator connected between 
” the transformer terminals and the slip rings. 

Alternatively, a synchronous booster or 
divided main poles (in which the excitation 
of each portion of the pole is independently 
adjustable) may be employed. Divided, 
or split pole, machines, however, are only 
suitable for low-frequency circuits. 

When a machine is required to operate 
at two different voltages — e.g. for supplying 
either a traction circuit (550 volts) or a 
three-wire lighting circuit (460 volts ) — ihii 
simplest and cheapest method is to provide 
suitable tappings on the primary winding 
of the transformer together with a tap- 
changing switch. 

ilraature heating and I'^li loss. The 



" ^ 

Current Leading Current Legging 

Fig. 475. — ^Vector Diagram. 


armature current is the resultant of the input (alternating) and output 
(direct) currents, but is not uniformly distributed throughout the armature 
winding, the coils near the tappings carrying larger currents than those 
midway between the tappings.* The non-uniformity in the distribution of 
the current, as well as the mean value of the resultant current, both decrease 
as the number of phases iiicreasc»s, assuming other conditions to remain 
constant. The mean value of the resultant currtmt, liowevor, increases rapidly 
as the power factor departs fi*om unity. 

For the same output from a given armature the ratio of l-R losses for 
rotary converter and generator operation are- - 


0-56 for three slip rings, unity power faete>r. 100*^,,', ettieiency. 
0H4 „ 0-9 100°; 

0-27 for six slip rings, uiuly power factor, 100®,, eflieieiiey. 
0-366 „ ,. 0-95 „ 100« 

0-47 „ „ 0-9 „ 100® 

0-51 „ 0-9 „ 95® 


Hence, for equal heating under given conditions, the permissible output 
of a rotary converter is much greater as a six-phase machine than as a three- 
phase machine, and therefore all except the smallest machines aw^ built for 
six-phase operation (i.e. with six slip rings). 


♦ The r.m.s. value of the resultant curn'nt in a 'onductor 0° from the mid- 
point of a pair of tappings is 

8 1 (i cos B 

[fy cos tp X m sill (7T/m)J* mn sin (rr/m) 


'-iA 


1 -h 


(64) 


where is the current output from the commutator, a the number of circuits in 


the armature winding, the efficiency', cos q? the power factor, 
slip rings. 


m the number of 
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Efficiency. In consequence of the relatively small armature l^R losses 
compared with the output, the efficiency of rotary converters is higher than 
that of otlier commutating machines. Representative values are — 


(1) 1500 kW., 6-polo, 25 frequency, 600-volt rotary converter (with transformer) 


Percentage of full load 

50 

7r> 

100 

125 

150 

Percentage efficiency 

. 94-6 

95-3 

95-3 

95- 1 

94-7 

(2) 1500 kW., 12-pole, 50 frequency, 600-volt rotary converter (with transformer) 

Percentage of full load 

.50 

75 

100 

125 

150 

Percentage efficiency 

. 931 

94-4 

94-7 

94-7 

94-5 


Energy supply to armature. The vector diagram of Fig. 474 shows that 
the armature of a six-ring machine may be supplied with energy in three 
ways, viz. (1) from a six-phane system having line voltages equal to 0-354 ; 

(2) from three single-phase systems having mutual phase diffei-ences of 120° and 
line voltages equal to 0-707 ; (3) from two three-phase systems having a* 
phase difference of 180° and line voltages equal to 0-012 These systems 
may all be obtained from a three-phase supply by providing suitable windings 
on the transformer.* In ‘practice, only methods (2) and (3) — called the 
“ diametrical ’* and “ double-delta ” methods respectively — are employed, 
the connections being shown in Fig. 470. The diametrical connection is 



, I 
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Fio. 476, — Methods of Connecting Transformers for Supplying Six-phase 
Rotary Converter from Three-phase Supply System. [The numbers 1-6 
refer to the Slip Rings (Fig. 474).] 

usually preferred on account of the lower costs of the transformer and con- 
necting cables (which are due to (1) the .single secondary windings ; (2) the 
higher secondary voltages ; (3) the ab.sencti of interconnections between the 
secondary windings). 

Starting. Rotary converters are usually started from tlu‘ alternating- 
current side so as to eliminate synchronizing operations. The machine may 
be started, at low voltage, as an induction motor, or, alternatively, the 
initial starting may be effected by a separate (induction) motor. t 

Limitations, (l) The maximum commutator voltage is limited by (a) the 

permissible average voltage {Eav) between commutation segments, (6) the 
number of segments per pole. The latter may be expressed in terms of the 
segment pitch (Tc), peripheral speed of commutator (i;^), munber of poles (p) 
and frequency (/). Thus, if is expressed in feet per minute and in inches, 
we have 

Ec = (65) 

Taking limiting values as — ^ 8000 ft. per min., — 0-18 in., 
then for 50 frequency, 

= 18 X 8000/(10 X 50 X 0-18) --- 1600 volts. 

* The theory of the methods is given in the author's Theory and Practice of 
AlUmaUng Currents, pp. 212-219. 

t Diagrams of connections and details of the starting procedure are given in 
the author’s Power Wiring Diagrams, pp. 146-151. 
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Hence, although 1500- volt, 50-cycle rotary converters are practicable, 
they are essentially high-speed machines having few poles and a high value 
for the mean voltage per commutator segment. 

(2) The }>ermissiblc output per pole at the continuous rating is easily 
deduced from first principles, and is given by 

E,IJv= J^av^cQI[(WDJD)^/^p] . . . (60) 

where E^^^ f have the same significance as in the preceding equation ; 
/g is the direct-current output at continuous rating, Q the specific electric 
loading (i.e. ampere-turns per inch of armature periphery) ; yj the ratio of 
armature l^R losses as rotary converter and direct -current generator (p. 045); 
DJD the ratio of commutator and armature diameters ; p the number of poles. 

Taking E^^ = 18, = 8000, Q — 500, / = 50, y = 0*4, DJD = 0*9, 

.we have IHJJP = 253 X 10» watts. 

(3) The commutatioil at sudden overloads and short circuits is an impor- 
tant feature in rotary converters for traction service. To secure freedom 
from flash-over under these conditions, high-reluctance commutating poles 
of special design are necessary, which, with 1500-volt machines, may be 
supplemented by devices (viz., an axial air blast in conjunction, in some 
cases, with magnetic blow-outs on the brush holders) for removing as rapidly as 
possible from the commutator any conducting vapours formed during sparking. 

Motor-Genehatoks and Motor-Converters 

Motor generators are preferred to other types of rotating converting 
plant for the supply of direct current at pressures above 1500 volts. For 
distribution pressures of 3000 volts 1500- volt generators are employed, two 
generators being connected in series and driven by a common synchronous 
motor. Such generators are always separately excited (from a low-voltage 
exciter) and art* provided with compensating (pole face) windings for neu- 
tralizing armature reaction. In many cases an air blast and magnetic blow- 
outs on the brush holders are also ijrovided to prevent flashing-over at the 
commutator wdien the machines are subjtjcted to external short circuits. 

Motor-generator sets of this type have given very satisfactory service 
on the 3000-volt lines of the Chicago, Milwaukee and St. Paul Railroad and 
the South African Railways,* the twelve substations of the latter being 
arranged for automatic operation. 

A 1500 kW. set (consisting of a ITlOkVA., 2300-volt, 50-cycle, 8-pole 
synchronous motor and two 750 kW"., 1500-volt generators) has the following 

efficiencies — 

Percentage of full load . 50 75 100 125 150 

Percentage efficiency . . 88*6 90-7 91*4 91-5 91*3 

A motor converter, Fig. 477, consists essentially of a rotary converter 
connected in cascade with an induction motor. The stator of the induction 
motor may receive its energy at high voltage, but for supply pressures above 
11,000 volts a transformer is employed in conjunction with the induction 
motor. The rotor of this machine is direct coupled to the armature of the 
rotary converter. The cascade connection is usually effected by permanent 
interconnections between tappings on both rotor and armature windings, 
thereby avoiding slip rings. Fig. 478 shows diagrammatically how these 
interconnections are arranged in the case of a 12 -phase machine. To simplify 
th(‘ starting apparatus only three of the phases of the rotor winding are 
employed at starting and are brought out to slip rings for connection to the 
starting rheostat. The full number of phases are connected in circuit by a 
short-circuiting device (Fig. 479), which is operated after the machine has 
synchronized. 

* Particulars of Die South African substations are given in Jouni. J.E.E., 
vol. 66, p. 1026. 
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The normal operating speed corresponds to the cascade synchronous 
speed of the combination and is given by Equation (25), p. 122 ; but if the 
rotary converter loses its excitation the speed of the set increases to prac- 
tically the synchronous speed of the induction motor. 

The action is briefly as follows. The slip energy of the induction motor 
is supplied electrically to the armature of the rotary converter and is con- 
verted to the direct-current form. The mechanical output of the induction 
motor is supplied to the shaft of the rotary converter and is converted into 
direct-current electrical energy by generator action. Thus the direct-current 
portion of the set functions partly as a rotary converter and partly as a 
direct-current generator, the ratio of the energy transmitted to this machine 



Frj. 477. — B.T.-H- Motor Converter. 

electrically and mechanically being equal to tin.* ratio of th<5 numbers of 
poles in the induction motor and rotary converter \cf. Equation (2fl), p. 122] . 

The frequency of the electrical energy supplied to the rotary converter 
is, therefore, only a fraction (viz., pJiPi + Pz), where p^ -- number of poles 
in induction motor, Pz ~ number of poles in rotary converter) of the supply 
frequency, and in consequence the machine possesses the following advantages 
over a rotary converter built for the supply frequency — ( 1 ) greater stability 
with respect to voltage disturbances on the supply system ; (2) practicability 
of higher commutator voltages ; (3) more extended range of voltage variation 
by field control and reactance. 

Although motor-converters have an extensive application to industrial 
substations, they have hitherto been employed to a very limited extent in 
low- voltage traction substations, the rotary converter being usually preferred 
on account of its higher efficiency and lower cost. 

A 1500 kW., 50-cycle, 500 r.p.m. motor converter, for 600 volts D.C. and 
6000 volts A.C., has the following efficiencies — 

Percentage of full load . . 60 76 100 126 160 

Percentage efficiency . 92*6 93-3 93-2 92-7 92-2 

Mercury-Arc Bectifiers 

General. The mercury-arc rectifier consists essentially of a mercury 
cathode and a number of graphite or iron anodes enclosed in a highly 
exhausted bulb or cylinder. The rectifying action is due to electronic emis- 
sion from a hot spot on the cathode, the conditions upon which this action 
depends being (1) the maintenance of a high vacuum (0-005-0*00 1 mm. of 
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mercury) in the electrode chamber ; (2) the maintenance of the high tem- 
perature (about 3000® C.) of the cathode hot spot; (3) the prevention of 
emission from the anodes (i.e. these electrodes must be suitably cooled). 
The high temperature of the cathode hot spot causes evaporation of the 
mercury, and therefore means must be provided for condensing the vapour 
and returning the mercury to the cathode. The presence of the mercury 
vapour in the electrode chamber gives a low resistance to the electron stream, 




Fig. 478. — Connections of Motor Converter and Starting Gear. (B.T.-H. Co.) 

[Note.— T he stortfnff gi ar consists of a triplo-i)olc, donblp-throw switch, A ; a star-connected 
rheostat, Wj, /fg, of fixed value; and a three- pluvse chukinK Cf)il, Ji. At starting, switch A 
is thrown “ up ” (the neutral switch, <7, being open) and is thrown “ down *' w’hon the speed 
approaches normal. The machine then syiiclrronizes aiitoroatically, and the starting opera- 
tions are completed by sliort-circuiting the slip rings.] 

and enables rectifiers to be built, for large outputs with high efficiencies and 
close voltage regulation. 

Construction. Tlie high power rectilier, as developed by Brown, Boveri 
& Co.* for traction substations, consists of a water-jacketed hermetically- 
sealed steel cylinder or arc chamber containing the electrodes, and a smaller 
condensing chamber fitted above. The general arrangement is shown in 
Fig. 480, in which the mounting of the rectifier upon insulators should be 
observed, t 

* Messrs. Brown, Boveri & Co. have U'en responsible for tlie development of 
the “ metal-clad ’* mercury-arc rectifier. Tlie manufacture of this typo of rectifier 
has recently been taken up by a number of finns in Europe and America. Up to 
the present time (1929) rectifiers having an aggregate output of nearly 760,000 kW. 
have been installed by Messrs. Brown, Boveri in traction substations. 

t Messrs. Brown, Boveri have recently developt*d a rectifier in which the cathode 
is earthed. The installation of such a rectifier on a traction system would be 
possible if special precautions were taken to avoid leakage currents from the earthed 
positive return conductor, but in this country the sanction of the Minister of Trans- 
port would be necessary. The earthed cathode, however, considerably simplifies 
the arrangement of the rectifier in the substation, as the insulated base, protecting 
screens (Fig. 608), and rubber hose connections are eliminated. 
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The cathode is arranged centrally at the bottom of the arc chamber and 
is insulated therefrom. The polished iron anodes are fixed in porcelain 
bushings in the cover plate of the arc chamber, and are arranged symmet- 
rically with respect to the cathode. Six, 12, or 24 main anodes are provided 
according to the current required ; they are supplied with energy from the 
star-connected secondary winding of a suitable transformer, the neutral 
point of which forms the negative pole of the direct-current circuit. In all 
cases two auxiliary anodes (called “ excitation anodes **) — which are excited 
from an auxiliary single-phase transformer and are connected to an auxiliary 



Fig. 479. — D.C. Armature and A.C. Rotor of B.T.-H. Motor Converter. 


load — are provided for the purpo.se of maintaining the temperature of the 
cathode hot spot when the load on the main anodes falls to zero. Insulated 
sheet steel funnel-shaped guides and anode shields confine the electron 
stream or ** arc ” to definite paths. The anode shields, which are fitted with 
baffling grids, protect the anode surfaces from ultra-violet rays emitted 
from the cathode hot spot and from condensation of mercury vapour (both 
of which would cause internal short circuits or “ back ignition **). These 
guides can be seen in Fig. 481, which shows a rectifier in the final stages of 
assembly. 

The seals (which are of extreme importance for preserving the high 
vacuuin essential to the satisfactory operation of the rectifier) are of mercury 


Fio. 480. — Cross Section of Brown-Boveri RectiBer. 
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A main anode seal is shown in Fig. 482, in which a represents the cover plate 
of the arc chamber ; 6, .c, the porcelain insulator and asbestos seating pad, 
respectively ; d, c, the clamping flange and rubber ring, respectively ; /, the 

mercury gauge ; and g the mercury 



i 


forming the seal. Any leakage at 
the seal is indicated by a slow sinking 
of mercury in the gauge /, and is 
remedied by tightening the flange d. 

Initial heating of the cathode is 
effected by striking an arc at the 
surface of the mercury by an auxiliary 
(“ ignition **) anode, which is normaUy 
suspended a short distance above the 
former. This anode is attached to 



FfO. 481. — Brown-Bo veri Rectifier 
during Assembly. 


the end of a long rod, the upper 
end of wliich is spring support<ed from 
the cover plate of the condensing 
chamber and is fitted with a plunger- 
type electro-magnet (Figs. 480, 483), 
so arranged that when the solenoid 
is excited the plunger is drawn down- 
wards and the anode is immersed in 
the mercury. 

Cooling of the cathode, arc chamber, 
and condensing chamber is effected 
by water jackets and continuous cir- 
culation of water, which enters at 
the cathode and leaves at the top 
of the condensing chamber. As the 
cathode is insulated from the arc 
chamber, a rubber hose, about 60 cm. 
(20 in.) long, conveys the water from 
the cathode water jacket to the arc 
chamber water jacket. 

Cooling of the anodes is effected 
in the smaller sizes by radiating 
fins attached to the upper ends of 
the anode rods (Fig. 483), but in 
tlie larger sizes water cooling is 
employed ; each main anode being 
provided with a sex^arate, and self- 
contained, cooling tank and thermo 
syphon, as shown in Figs. 480, 481. 

Connections. The main connec- 
tions of a six-anodci rectifier are shown 
in Fig. 484. The transformer has 
double secondary windings which are 
connected to form two symmetrical 
three-phase star groups having a 


mutual phase difference of 180 degrees. The two neutral points are connected 
by a centre-tapped choking coil, or inter-phase transformer (also called an- 
“ absorption coil **), the centre point of which forms the negative terminal 
of the direct-current circuit. This coil is wound in sections, which are so 


connected that (1) the complete winding possesses a (2) the 

direct currents passing in the two halves of the winding produce no i^u^tant 
magnetii^tion' of the core. Hence the theoretical voltage ratio is the same 
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as that for a three-phase rectifier. But the pulsations of the load voltage 
are the mean of those of two three-phase systems 180 degrees apart, and are 
therefore equal to those of a six-phase rectifier. 

This three-phase double-star connection possesses other features. Thus, 
(1) opposite anodes ej^erate in parallel, and (2) a q^osed path* internal to the 
rectifier ^ahd* transformer, is formed for the circulation of tr iple-frequency 
currents (which are due to the triple-frequency E.M.F.’s. exist^g between the 
neutral points of the secondary windings). Both of these features result in 
the voltage drop, due to a given load current, being smaller than that in a 
six-anode rectifier with the six-phase star connection (i.e. with the two 
neutral points of the transformer winding solidly connected). Moreover, the 
three-phase double-star connection is more favourable than the six-phase 



star connection for the design of the transformer, both with respect to power 
factor and the utilization of copper in the windings. 

The connections of the excitation and ignition anodes are shown in Fig. 
485. Automatic ignition is obtained by means of relays A, B, as soon as 
the auxiliary transformer is energized. The initial positions of the relays are 
as shown in Fig. 485, and when the supply is switched on to the auxiliary 
transformer, the solenoid, E, of the ignition anode is excited, thereby im- 
mersing the ignition anode, jD, in the cathode mercury bath, C, and estab- 
lishing a circuit through the auxiliary load, the resistance B,, and the relay 
operating coils. Kelay B, which is adjusted to operate with a smaller current 
than A, opens the circuit of the solenoid B, and the ignition anode is with- 
drawn by the spring S, If the arc is of correct polarity the excitation anodes 
come into action, and the increased current in the auxiliary load circuit 
causes relay A to open the circuit of the ignition anode. If the initial arc is 
not of the correct polarity, the excitation anodes do not come into action 
and the initial arc is immediately extinguished, causing relay A to re-close 
and re-ignition to take place. 
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Voltage ratio. The theoretical voltage ratio is easUy ohloulated it the 
voltage drops in the arc and other parts of the circuit are ignored, and the 



Fig. 483. — Brown-Boveri 7()0-Ampero Roctilior. 

alternating voltages follow sine laws. Thus, if n is the number of phases in 
the secondary system supplying the anode, the r.m.s. value of the E.M.F. 
of each phase, 27 c/n the mutual phase difference between the several E.M.F. ’s. 
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the output voltage (E^) is the mean value of the phase E.M.P. taken over 
an interval n/n on each side of the maximum value, i.c. — 

E^ = — — / -^2 . Ef. cos mt . dot ~ ( \/2 E^. sin — ' ^ ^ 

Whence [ ^2 sin (7c/n)]/(7r/n) (67) 


Three-phase Supply 



Fio. 484. — Main Uumioetions o£ Six-anuile lioctifiei* 


Tlie values of this qiiantity arc — 

0*9 for a single -phas<» rectifier (2 anodes) 

1*17 for a three-pliase rectifier (3 anodes) 

1*17 for a double three-phase rt'clifier (6 anodes) 
1*35 for a six-phase rt'Ctifier (0 anodes) 

1*4 for a twolvo-phaso rectifier (12 anodes) 


Accessories. The accessories necessary for a rectifier plant are (1) main 
and auxiliary transform ei*s, (2) vacuum pumps, (3) water cooling system. 

The main transformer for a recti- 
fier is of larger size than that for a 
rotary converter of iliesame output, 
owing to the unfavourable utilization 
of the copper in the secondary wind- 
ings, due to the intermittent nature 
of the phase currents. For exam])lt‘, 
each section of the secondary winding 
supplying a six-anode, six-phas<* 
rectifier is in action for one-sixth of 
a period, and the r.m.s. value of the 
current in any section is 2*45 (= v 
0)* times the mean value. With th<» 
three-phase double-star connection 
each section of the secondary wind- 
ing is in action for one-third of a 
period, and the r.m.s. value of the current in any section is 1*73 (^- \/3) 
times the mean value. 

On the other hand, the windings of a transformer supplying a rotary 



Fju. 485. -rimneetioiis of Excitation 
and Ignition. Circuits of Brown -Boveri 
Rccliliers. 


• If tho wave form of the anode currents is met angular, and if n number 
of anodes, — current output from cathode, tho r.m.s. value of the phase 
current =* 'y/[{I^2nln)l2n\ ~ the mean value of tlie phase current 

Whence r.m.s. value /mean value = \/a. 
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oonverter are in action for the whole period, and if the currents follow sine 
laws the r.m.s. value is 7r/(2 V^)) times the mean value. 

Usually the kVA. rating of a transformer for a rectifier is from to 
times the kW. output from the direct-current side, whereas the kVA. rating 
of a transformer for a rotary converter is about 1*1 times the kW. output 
of the machine. 

The auxiliary transformer is of the three-phase type and is supplied 
direct from the primary distribution system. This transformer supplies 
three-phase energy to the vacuum-pump motor and single-phase energy to 



Fk;. 480. Fio. 487 

Arrangement of Browm-Boveri Mechanical and Ejector Purnpa. 

References to Fi«. 486: a, impeller; c, suction port ; rf, cxliaust i)ort with non-return valve, e\ 
g, scparatoi ; p, exhauat outlet to ejector pump; n, sump. 

the other auxiliary circuits (viz. excitation, ignition, ejector (mercury- vapour) 
pump, vacuum gauge). Single-phase transformers are necessary for the 
excitation and ignition circuits (Fig. 4H5), and for the vacuum gauge (Fig. 489) 
and ejector pump. 

Vacuum pumps. The high vacuum, of 0*005 mm. mercury, is produced 
and maintained by a pump set, which consists of a mechanical pump working 
in series with a mercury-vapour ejector pump. 

The mechanical pump, Fig. 486, is of the oil-immersed rotary type and is 
coupled to a i b.p. driving motor by an insulating coupling. The motor is 
insulated from the pump frame, which is also mounted upon insulators as 
shown in Pig. 488. An oil-sealed automatic valve, fitted to the suction port 
of the mechanical pump, prevents loss of vacuum when the pump is shut down. 

The mercury-vapour ejector pump consists of a number of concentric 
vertical tubes, a, Oj, . . Fig. 487, of graduated lengths, with their upper 
ends closed and water-jacketed, and their lower ends immersed in a heated 
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mercury bath, h. The annular chambers thus formed have a series communi- 
cation with one another by means of the holes o, The outermost 

chamber is connected to the condensing chamber of the rectifier ; the gases 
enter this chamber at I and are drawn upwards by the mercury vapour rising 
from the bath h, the exhaustion products being ejected through the holes a 
to the second and succeeding chambers. These products finally leave at c 
and pass to the mechanical pump. The mercury bath is heated electrically 
by the heater i (rated at 1 kW.). 

Vacuum gauge and automatic control of vacuum pump. The state of the 
vacuum in the rectifier is indicated continuously by a switchboard-type 
eleotrodynamic instrument (calibrated over a range 0*01 to 0*001 mm. mer- 
cury) which operates in conjunction with a Wheatstone network of heated 
platinum wires, the principle of operation depending upon the physical law 
• that the heat cond ucti vity of a.gas. is a function of its absolute pressure. 
Two of the wirSTS^ Pig. 489, are enclosed in Vealed glass tubes connected 
to a tee in the vacuum main, and the other two wires 6% D are exposed 
to the air. Hence, if the network is balanced when cold, it will become 
unbalanced if the wires are heated by a current led into the junctions 1 and 3, 
and a difference of potential will exist between the junctions 2 and 4. 

The heating current is usually supplied by a transformer, and is maintained 
constant by means of a ballast resistance of iron wire enclosed in a tube 
containing hydrogen. The indicator is usually fitted with contacts which con- 
trol the heat-er of the mercury bath and the motor driving the mechanical pump. 

Cooling water. The method of circulating the cooling water depends 
upon the quantity of water available, its quality and the voltage of the 
direct-current side. A closed-circuit system, with pump circulation and 
forced draught, is shown diagrammatically in Fig. 490. Such a system is 
employed exclusively in plants where the voltage exceeds 2000 volts and 
for other installations where water is scarce or impm’e. In these plants the 
cooler, R A, and the circulating pump, P, are mounted upon insulators, and 
lengths of rubber hose, w, are inserted between the flow and return pipes 
a, b, and the rectifier, GR. The cooler consists of a series of tubes exposed 
to an air blast produced by a fan. Provision is made for direct cooling from 
the main water supply system, g, when the cooler is shut down for cleaning 
or repairs ; the flow pipe, a, being connected, by the rubber hose p, and 
valves. O’, directly to the water supply, g, the valve i being closed. In these 
circumstances the outlet from the rectifier water jacket discharges into the 
drain f by means of the pipe c and the valve d. 

Operating features. The voltage drop between the electrodes of the 
rectifier is about 25 volts and is practically constant at all loads. Hence, as 
this constitutes the only loss in the rectifier itself, the theoretical efficiency 
(neglecting the excitation circuit) is a function of the output voltage. For 
example, for output voltages of 000, 1500, and 3000 the theoretical efficiencies 
are (600/625 =) 0*96, (1500/1525 =) 0*984, and (3000/3025 =) 0*992. When 
the losses in the transformer, and the power supplied to the auxiliary circuits, 
are taken into account, the overall efficiencies are — 


1. 600-volt plant — 1000 kW. rectifier supplied from 10,000-volt, 60-cyclo, three- 
phase system — 


Percentage of full load . 

25 

50 

76 

100 

126 

160 

Percentage of efficiency . 

93-3 

94*8 

95 

94*1 

92*8 

91*6 

2. 1600- volt plant — 1000 kW. rectifier supplied from 10,000 volt, 60-cycle, three- 

phase system — 







Percentage of full load . 

25 

50 

76 

100 

126 

160 

Percentage efficiency . 

93*8 

95*5 

95*8 

96*7 

95*6 

96*6 

Percentage power-factor 

80 

89 

94*5 

96 

96*5 

96*2 
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Owing to the relatively low light-load losses the all-duy efficiency of a 
traction substation equipped with rectifiers is much higher than that of a 
similarly loaded substation equipped with rotating converting machinery. 
This higher all-day efficiency results in a very considerable annual saving of 
energy. For example, tests on motor generators (660 kW., 2 X 2000 volts) 
and a rectifier (800 kW., 4000 volts) in the Ciri6 substation of the Turin- 
Oeres (interurban) Railway (4000 volts) gave the following results for a 
normal day’s (20 hour) working in each case — 


Date of test. .... 

16th July. 1924 

16th July, 1926 

Energy output (kWh. ) 

6060 

6060 

Energy input to motor-generators 
(kWh.) . . . . 

7617 


Energy input to rectifier (kWh.) 

— 

6435 

All day efficiency (per cent) . 

79-6 

94 


Again, tests carried out on the substations of the Chicago, North Shore 
and Milwaukee Railroad (five of wliich are equipped with 1000-1500 kW., 
600-volt, rotary converters, and one is equipped witli a 1000 kW., 600-volt 
rectifier) gave the average all-day efficiency of the rotary converter substations 
as 73-4 pel cent, and that of the rectifier substation as 81*7 per cent.* 

The instantaneous overload capacity of a rectifier is veiy large, and the 
permissible short-time and sustained overload periods for the combination of 
rectifier and transformer are usually 

Per cent overload . . 200 100 60 26 

Duration (minutos) . .1 6 16 30 

If desired, a longer duration of the overload period can be obtained 
(e.g. some rectifier plants are designed to operate at 60 per cent overload for 
2 hours and 200 per cent overload for 6 minutes). 

The voltage characteristic, or regulation curve, resembles that of a shunt 
generator. The percentage voltage drop from light load to full load depends 
upon the connections employed and the impedance voltage of the trans- 
former. A value between 3*5 and 5 per cent is representative for a double 
three-phase rectifier. 

A flat compound or over compound characteristic may, however, be 
obtained by means of a specially wound interphase transformer (or absorption 
coil) in which the load current causes magnetic saturation of the core. Hence, 
at heavy loads a large diminution occurs in the reactance of the winding 
connected between the neutral points of the secondary windings of the main 
transformer. Thus the rectifier oi^eratcs as a double three-phase rectifier 
(for which the theoretical voltage ratio is 1*17) at light loads, and as a six- 
phase rectifier (for which the theoretical voltage ratio is 1*36) at heavy loads. 
The method has the disadvantage of adveraely affecting the power factor. 

Adjustment of the output voltage, if required, is effected by tappings on 
the primary winding of the transformer. When continuous adjustment is 
necessary an induction regulator is employed. 

Parallel operation of rectifiers with rotary converters and motor generators 
presents no practical difficulties ; but to utilize fully the constant-efficiency 
characteristic of the rectifier the voltage characteristics of the machines 
and rectifiers should be so arranged that the machines operate at a steady 
load and that fluctuations of the load are taken by the rectifiers. 

The principal advantages of a rectifier plant over a converting plant 
consisting of rotating machines are briefly — (1) high efficiency over the whole 
working range ; (2) ability to supply large momentary loads ; (3) insensibility 
to short circuits ; (4) extremely simple and quick starting ; (6) noiseless 

* Operation and performance of mercury-aro rectifier on the Chicago, North Shore 
and Milwaukee Railroad,” by Caesar Antoniono. Trana, A.I.E.E,, vol. 47, p. 228. 
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operation ; (6) minimum attention ; (7) low maintenance cost ; (8) reliability 
of service ; (9) lighter foundations and smaller substation building. The 



Fig. 488. — Arrangement of Brown-Boveri 1000 kW., 1750 A., Rectifier 

and Pump Set. 


chief disadvantages are— (1) lower power factor, (2) distorted wave-form of 
supply current ; (3) pulsations in output voltage and current. 

Distribution Switchgear for Tramways and I^irect- 
CuRRENT Railways (Attended Substations) 

Substations containing converting machinery require switchgear for 
controlling (a) the incoming and intercomiecting feeders, (b) the con- 
verting machinery, (c) the distribution network. As the switchgear for 
items (a) and (6) does not present any special features for traction service, 
we shi^ consider only that for the distributing system. 

Switchboiurds for overhead tramways comprise (1) line, or positive, 
feeder pahols j (2) track, or negative, feeder panels ; (3) a testing panel. 
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The line (positive) feeder panels are generally equipped with an auto- 
matic overload circuit-breaker, an ammeter, and a single-pole switch. 

The track (negative) feeder panel equipment varies according to 
circumstances. In cases where negative boosters and a number of track 


feeders are installed, switchgear is 
usually provided in the form of ver- 
tical and horizontal bars with con- 
necting plugs, to enable any track 
feeder to be connected to any booster. 
The line feeders and the (series) 
field windings of the boosters are 
arranged in a similar manner, so 
that the line feeder corresponding 
to a given track feeder may be con- 
nected in scries with the field winding 
of the booster to which the track 
feeder is connected. 

The testing panel (formerly called 
the “ Board of Trade ’* panel) is 
equipped with (1) a recording 



Fig. 489. — Connections of 
Brown -Bo veri Vacuum 
Gauge. 



Fig. 490. -Closod Circuit Water 
Cooling System for Rectifier. 
(Brown-Boveri.) 


voltmeter (0-10 volts) for recording the potential difference between 
given points in the rail, (2) a double-range ammeter (0-0*05 ampere, 
0-5 ampere) for measuring the leakage current and for testing the con- 
ductivity between the earth plates. The connections are shown in Fig. 
491. When switch X is thrown to the right, the higher range of the 
ammeter is connected in series with a four-volt battery to the earth 
plates. When this switch is thrown to the left, the lower range of the 
ammeter is connected to the multi-contact switch 7, which is connected 
to the line feeders. 
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In some cases a recording ammeter (range 0 -20 amperes) is provided 
for recording the current returning to the negative bus-bar via the 
earth plates, but usually a maximum demand indicator is used for this 
purpose, and is located in the feeder pillars (p. 626). 

Switchboards tor conduit tramways comprise (1) feeder panels, (2) a 
testing panel. As equal numbers of positive and negative feeders are 






\ ^5 J 

Ftg. 491. — Connoctiona of 
Testing Panel for Over- 
head Tramways. 


*eiii Switch 


Water Rheost^_ _l j_ _ _ J 

istPaneJ 


Test Panel FHder PsneJ 

Fio. 492. — Connections of Feeder 
and Testing Panels (L.C.C. 
Conduit Tramways). 


employed, each feeder panel is equipped with a double-pole switch, two 
ammeters, and a single-pole overload circuit breaker. 

To enable the nature of faults to be detected, the switches on the 
feeder panels of the London County Council conduit tramways are of 
the reversing type and are fitted wdth auxiliary contacts, which are 
insulated from the main contacts and are connected to a special pair of 
“ testing bus-bars. These bus-bars may be connected to the main 
bus-bars through metallic resistances (totalling approximately 5 ohms), 
ammeters, and circuit breakers mounted on a “ test ” panel, as shown in 
Fig. 492. The main negative bus-bar is earthed at each substation 
through indicating and recording ammeters, A^, EA, and a water 
rheostat (about 1 ohm). 

A fault on the positive side of the system is shown by a change in 
the brightness of the lamps, L, on the test panel and by the opening 
of the circuit breaker on the feeder panel. 

A fault on the negative side is shown by unequal readings of the 
ammeters on the feeder panel. In order to locate a car which has a 
negative fault, the polarity of one section of the track is reversed, and as 
the car enters that section the fault is transferred to the positive side, 
thereby opening the feeder circuit breaker. 

In the event of a feeder circuit breaker opening (due to a positive 
fault, or a fault between the conductor rails), the appropriate feeder 
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switch is withdrawn into the auxiliary contacts, and the circuit breakers 
on the test panel arc closed. The magnitude of the fault is then shown 
by the indications of the ammeters on the test panel, A^. If the 
switch is then thrown to the lower auxiliary contacts the fault is shown 
as “ clear ’’ if it is on the positive side, but as “ uncleared ’’ if it is a fault 
between the conductor rails. 

With a positive fault the service can be maintained by temporarily 
reversing the polarity of the conductor rails of the section on which the 
fault has occurred (e.g. by placing the feeder switch in the lower main 
contacts). In these circumstances the resistance in the negative bus -bar 
earth connection would be increased, so as to limit the current returning 
to the station via earth. 

The leakage tests (see Regulations, p. 686) are earried out by placing 
the feeder switches — one at a time — in the auxiliary contacts and noting 
the indications on the ammeters ^3, on the tost panel, a suitable 
range being provided for this purpose. 

Switchyards for low-voltage direct-current railways are generally 
similar to those for overhead tramways, excejit that, as no negative 
boosters are employed, only panels for the conductor-rail feeders are 
required. In the case of railways having positive and negative conductor 
rails, each feeder panel is equipped with two single-pole circuit-breakers, 
tw'o single-polo switches, and an ammeter. When the track rails are 
used as the return, each feeder panel is equipped with a single-polo 
circuit breaker, a switch, and an ammeter. The negative feeders from 
the track rails are generally connected directly to the negative bus-bar. 

A typical switchboard is shown in Fig. 493, and comprises four feeder 
panels (each controlling two positive feeders) and three machine panels 
(each controlling a rotary converter). 

Switchboards for high-voltage direct-current railways must be equipped 
with remote-operated switches and circuit breakers, together with 
shielded instruments, in order to safeguard the operators. The switches 
and circuit breakers are mounted out of reach at the top of the panels, 
and are operated by insulated rods and bell cranks from hand levers 
mounted at a convenient height on the panel. A typical switchboard is 
shown in Fig. 494. 

Switchgear for Unattended (Automatic) Substations 

Gteneral. Unattended substations equipped with either rotating con- 
verting machinery or mercury-arc rectifiers have an important applica- 
tion on traction systems. Such substations are now commercial pro- 
positions, and although more costly initially than attended substations, 
they result in a considerable annual saving compared with attended 
substations. 

With tramways, interurban, and main lines, fully automatic operation 
is desirable, the substation corning into service in response to a demand 
for power, and falling out when the demand ceases. With heavy suburban 
tra^, however, supervisory control is preferable, the non attended sub- 
station being controlled from either an attended substation or the train 
dispatcher’s office. 

In all cases when a feeder is cut out of service due to a temporary 
short circuit, the supply must be restored automatically as soon as the 




493. Switchboard for Controlling Rotary Converters and Conductor-rail Feeders (Southern Railway). [B.T.-H. Co.] 
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short circuit has cleared. But in the event of a permanent short circuit 
the feeder must remain dead.” Moreover, in many cases it is desirable 
that the feeder protective gear should discriminate between short circuits 
and sudden overloads due to heavy demands for power. These features 
are obtained by means of electrically-operated automatic re-closing circuit 
breakers in conjunction with special relays. 

Automatic switchgear for direct-current feeders. This switchgear com- 
prises (1) an electrically-operated circuit breaker, (2) relays for controlling 
the closing and tripping of the circuit breaker. 

The simplest method of operation (which gives no disciimination 
between short circuits and legitimate sudden overloads) is to arrange 
that when the circuit breaker opens, duo to an overload or short circuit,* 
it is re-closed again automatically after a short time delay. If the circuit 
breaker re-opens, it is re-closed again, and, if necessary, the cycle is 
repeated for a pre-determined number of times, when, if the fault still 
persists, the circuit breaker is locked out. This action is obtained by 
means of a time delay repeat action relay, which automatically re-sets 
if the circuit breaker remains closed for a predetermined time interval, 
but requires to be re-set by hand when the circuit breaker is locked out. 

Fig. 495 shows such an equipment installed in an unattended sub- 
station on a suburban railway. In this case the circuit breakers are of 
the high-speed, or quick-acting, type and are located on a gallery above 
the switchboard. The closing coils of these circuit breakers are controlled 
by the four small double-pole contactors mounted on the upper portion 
of the centre panel. 

One form of high-speed circuit breaker is shown in Fig. 496, and the 
following special features are embodied in the design — (1) eictremely 
high speed of opening for any rate of rise of current ; (2) electromagnetic 
release not involving latched parts ; (3) powerful magnetic blow-out 
with narrow arc chute. Such a circuit breaker can clear a severe short 
circuit on a 600-volt system in about 0*01 sec., whereas about 0*15 sec. 
would be required with an ordinary circuit breaker. Moreover, the current 
peak when a short circuit is cleared by a high-speed circuit breaker is 
only about 50 to 60 per cent of that when an ordinary circuit breaker is 
employed under similar circuit conditions. 

Discrimination between short circuits and sudden overloads is obtained 
by a current transformer and a quick-acting relay, the latter controlling 
the tripping circuit of the circuit breaker. The primary winding of 
the current transformer is connected in series with the feeder and the 
secondary winding is coimected to the relay. The operation of the relay 
therefore depends upon the rate of increase of current in the feeder and 
the duration of the transient effect. Such a device gives satisfactory 
service in cases where the circuit conditions are suitable, but in some 
cases (e.g. with very heavy suburban railway service) difficulty may be 
experienced in obtaining sufficient discrimination between short circuits 
and heavy demands for power. 

Automatic i%-closing of a feeder circuit breaker upon the clearance of 
a fault is obtained by means of a load resistance relay and an auxiliary 
bridge network of fixed resistances. The operation of the relay is depen- 
dent upon the combined resistance of the load and fault. If this resistance 




Fio. 494. 1200 Volt Direct -Current Switchboard (London, Midland and Scottish Railway). [B.T.-H. Co.] 
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exceeds a predetermined value the relay causes the circuit breaker (which 
is assumed to have opened due to a temporary short circuit) to re-close, 
but if the resistance is below this value the relay prevents the re-closing 
of the circuit breaker. 

A schematic diagram of the circuits is shown in Fig. 497. The closing 
coil of the circuit breaker (40) is controlled by a small contactor (40 A), 



Fi(i. 495. FVi'df'r Panels in UiiattondtuI Railway Substation, with Automatic 
Ro-clo.smg High-Sixvd Circuit Hrcak(M’.s. (R.T.-Jl. Co.) 

the operating coil of the latter being connected in parallel with the 
contacts of the short-circuit discriminating rtjlay (50), the re-set coil 
(50 fi) of which is c(jnt rolled by the load -resistance relay (42). 

When the circuit breaker opens, the auxiliary resistances are connected 
in series with the feeder, and an auxiliary switch on the circuit breaker 
closes the operating coil of contactor (47), the contacts of which close 
after a short time delay and connect the relay (42) to the bridge network. 
If the combim^d resistance of the load and fault is below a predetermined 
value the current passing through the relay (42) will be insuiheient to 
operate its contacts, and in consequence the fcnnler circuit breaker will 
remain open, duo to the contacts of relay (50) shunting the coil of con- 
tactor (iOA). But as soon as the fault clears, sufficient current passes 
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through relay (42) to close its contacts. The re-set coil of relay (50) is 
therefore actuated and the short circuit across the operating coil of con- 
tactor (40 A) is removed, thereby allowing the circuit breaker to re-close. 


Automatic switchgear for converting machinery. The switchgear which 
effects the automatic start- ^ 


ing and stopping of the 
converting machinery in an 
unattended substation com- 
prises (1) the master con- 
trol devices, which cause 
the substation to come into 
•action or to drop out accord- 
ing to tho power demand ; 
(2) the apparatus for effect- 
ing the starting operations 
and connecting the machines 
to the load ; (3) the pro- 
tective devices. 

With fully automatic sub- 
stations the master starting 
device is a relay which closes 
its contacts when the voltage 
at tho direct-current bus- 
bars falls below a predeter- 
mined value. These contacts 
arc connected in series with 



those of a time-delay relay. Fig. — B.T.-H. High-Speed Circuit Breaker, 

the objt'ct of which is to 

prevent the premature starting of the machine due to momentary 
fluctuations of line voltage. The master stojiping device is an underload 



Fig. 497. ~ ScliPinatu* Oiagrain showing Connections for Automatic Ko-closing 
Circuit Bn'ak*'!’ for Feeder. (Metropolitan Vic-kers.) 

Tlftferoncc: 40, circuit breaker; 40.i, auxiliary contactor; 42, relay; 47, auxiliary contactor; 
GO, iliAcriniinatinK relay ; 60R, ro-set coil for 50. For key to symbols see Fij?. 500. 


relay connected in the direct-current circuit, this relay also operating 
in conjunction with a time-delay relay. 

The starting operations in the case of rotary converters involve 
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starting and synchronizing, determining the polarity of the direct current 
side and correcting this if necessary. iUtematively, correct polarity may 
be obtained directly by separately exciting, temporarily, the machine. 
The machine may be started either from tappings on the transformer or 



Fio. 498. — Switch Panels for Control of Automatically Started 500 kW. 
Rotary Converter. Left. -Main D.C. and Relay Panels. Right. — A.C. Panel. 

(B.T.-H. Co.) 


by a starting (induction) motor, but with tap starting the brushes, except 
two pilot brushes, must be raised from the commutator in order to avoid 
^sparking during starting. The starting operations are effected by means 
of contactors and relays, and the correct sequence of these operations is 
ensured either by interlocks on the contactors and relays or by a motor- 
driven drum-t3q)e master controller. Kg. 498 shows the relay and con- 
tactor panels for a typical installation, and Fig. 499 shows the master 
controller. 
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The protective devices, in addition to giving protection against over- 
load, reverse current, and over speed, must provide against the following — 
(1) hot bearings ; (2) hot machine or transformer windings ; (3) over- 
heating of the load-limiting rheostats ; (4) single-phase operation ; 

(5) reversal of phase rotation ; (6) dash-overs from brush gear to frame ; 
(7) incorrect polarity ; (8) failure of excitation ; (9) abnormal voltages 
on the alternating-current side ; (10) short circuits internal to the machine 
or transformer. In cases of trouble due to causes (2), (3), (4), (5), (9) 
the machine is shut down temporarily, but in the event of trouble due to 
causes (1), (6), (8), (10) 
the machine must be 
shut down until the 
cause of trouble has 
been investigated. 

Example of starting 
operations for automati- 
cal]^ started rotary con- 
verter. A schematic 
diagram of connections 
is shown in Fig. 500 
and refers to a machine 
with a starting (in- 
duction) motor. The 
starting operations are 
controlled entirely by 
relays in accordance 
with the practice of the 
Metropolitan Vickers 
Co. The time taken to 
complete the sequence 
of starting operations 
varies between limits 499. — Master^Controller for obtaining Correct 

not exceeding 35 to 55 Sequence of OiX3rations during Automatic Starting 
seconds, depending upon Rotary Convertors. (B.T.-H. Co.) 

whether the machine 

excites with correct or incorrect polarity. Assuming that the single-pole 
change-over switch (17) is in the “ auto ” position and that the isolating 
switches are closed, the automatic operations are, briefly — 

1. Low voltage on the direct-current side, consequent upon a demand 
for power, causes relay 1 to close and energize the time-delay relay (2) via 
an auxiliary switch on the main oil switch (20.) 

2. If the low voltage persists, the master relay (3a) and the auxiliary 
relay (3) are energized in succession, provided that the pliase rotation is 
correct (in which case the contacts of relay (18) are open). Voltage is thereby 
applied to the main control bus-bar ( A 1 ), and a retaining circuit is estab- 
lished for the master relay (3a) in order that further operations shall be 
independent of the voltage at the direct-current bus-bars. 

3. The application of voltage to the main control bus-bars energizes 
relay (4x) thence auxiliary contactor (4), which energizes the closing coil o^ 
the starting contactor, (34), and also the control relay (2 lx) of the main oil 
switch (20). Relay (2 lx) controls an auxiliary contactor (22), which in turn 
controls the closing coil of the oil switch (20). When this switch closes, and 
is latched, an auxiliary switch energizes the low-voltage release (20a) and a 
time-limit relay (21), the latter causing the removal of power from the 
closing coil (20). The starting motor of the rotary converter is now supplied 
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with power, and further operations of the control equipment are dependent 
upon the machine running up approximately to synchronous speed. Should 
the machine fail to start within a period of two minutes, the master relay 
(3a) is de-energized by means of the “ lock-out ” relay (30), which is con- 
trolled by a time-limit relay (27). 

4. When the machine reaches approximately synchronous speed the 
decreased current in the starting-motor circuit causes the series relay (36) 
to close and thereby energize the synchronizing contactor (6), the closing of 
which connects the slip rings of the rotary converter to the transformer 
through current-limiting reactance coils, the starting contactor being opened 
by an interlock on contactor (6). The machine should then pull into syn- 
chronism, but if it fails to do so a time-limit relay (8) connected across one 
of the reactance coils will function and cause relay (4) to open. The starting 
operations will then take place a second time, and if the machine again fails 
to synchronize, the lock-out relay (30) will be energized via relay (27). 

5. The shunt field circuit of the rotary converter is divided into two equal 
sections and is normally closed with these sections in series. During the period 
in which th(! synchronizing contactor (6) is closed, the armature and clutch 
of a polarized-motor relay (7) arc energized from the direct-current brushes. 
When synchronism is attained and the polarity is correct the contacts (7b) 
of this relay will be closed, thereby closing the operating coil of auxiliary 
contactor (19). The closing of this contactor energizes the closing coil of the 
“ running ” contactor (11) and opens relay (4), contactor (6), and the polarized 
relay. An interlock on contactor (19) is connected to the time-limit relay 
(27), and if for any reason this contactor does not close within approximately 
two minutes of the commenceirient of the starting operations the contacts 
(27s) will operate and energize the lock-out relay (30). 

6. If the polarity is incorrect it must be corrected by making the armature 
slip a pole. Thus, with incorrect polarity of the commutator voltage the 
contacts (7d) of the polarized relay will close and thereby energize the 
operating coil of auxiliary contactor (9) from the direct-current brushes. 
The field reversing contactor (10) will then connect the two halves of the field 
winding in parallel, in addition to reversing the connections. A rapid slipping 
of the armature occurs relatively to tlwi revolving field produced by the 
alternating currents in the armature winding. When the armature has slipped 
through one-half of a pole pitch the commutator voltage becomes zero and, 
in consequence, contactor (9) opens. The field contactor (10) then returns 
to its normal position and the field winding is connected correctly for the 
machine to build up with correct polarity as the armature slips through the 
other half of the pole pitch. The contacts (7b) of the polarized relay will 
now close, thereby resulting in the closing of the “ running ** contactor (11). 

7. The connection of the machine to the direct-current bus-bars is fir^ 
made, via a load limiting rheostat, by means of contactor (12), the closing of 
which is dependent upon the machine having normal excitation (which is 
ensured by means of relay (38) connected in the field circuit, this relay 
controlling auxiliary contactor (37a), which controls the closing coil of con- 
tactor (12) ). An auxiliary contact on contactor (12) parallels the connection — 
previously made by relay (3) — between the main control and auxiliary control 
bus-bars ( Al, A respectively), and ensures that the machine cannot be dis- 
connected from the alternating-current side until it has been disconnected 
from the direct-current bus-bars. 

If the load is normal, the overload relay (12a) allows contactor (16) to 
close and so cut out the load limiting rheostats. This relay functions on over- 
load, causing contactor (16) to open and cut in the load limiting rheostats, 
which are adjusted to limit the overload current to approximately one and 
a half times full-load current. Upon the removal of the overload contactor 
(16) is energized, and the load-limiting rheostats are short circuited. Should 



voltage d.c. 
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the overload persist for any length of time and the rheostats becdme over- 
heated, a thermal relay (28), mounted immediately above the rheostats, will 
operate and short circuit the operating coil of the master relay (3 a), thereby 
shutting down the machine imtil the rheostats have cooled off to a safe value. 

8. Automatic stopping — ^in consequence of there being no demand for 
power — ^is effected by means of an under-load relay (13) and a time-limit 
relay (27), the time element of which is adjustable between 3 and 20 minutes. 
If the underload persists, the contacts (27 t) short circuit the operating coil 
of the master relay (3 a) and the machine shuts down, relay (27) being 
de-energized and rc-set during the process. 

9. Protection against overheating due to repeated or sustained over- 
loads is provided by a thermal relay (29) having a temperature characteristic 
similar to that of the machine. Operation of this relay short circuits the 
operating coil of the master relay (3 a), and therefore the machine will be- 
shut down temporarily until it cools off sufficiently to cause relay (29) to 
open. Overheating of the bearings causes the lock out relay (30) to function 
and the machine to shut down permanently, as this relay must be re-set by 
hand. 

ProtectioL against internal short circuits is provided by an induction 
overload relay (23) with a high setting. This relay operates the lock-out 
relay (30). 

Protection against unbalancing of the phases is provided by relay (46), 
the operation of which short circuits the operating coil of the master relay 
(3 a). Re-starting on single phase is prevented by relay (18). Should the 
unbalancing occur during starting the lock-out relay (30) will be energized 
(the operating coil of this relay being connected, by an interlock on contactor 
(6), to the contacts of relay (46) ). 

Automatic switchgear for rectifiers. On account of the simple manner 
in which a rectifier is started and connected to the direct-current bus-bars 
the switchgear for an automatic rectifier plant is much simpler than that 
for an automatic rotary converter plant. The main switching operations 
are effected automatically by oil switches and circuit breakers of the 
re-closing type ; the vacuum and cooling water supply are controlled 
automatically ; and protective devices are included to shut down the 
plant in the event of excessive temperature of the anodes or the failure 
of the water supply. 

Figs. 501, 502 show elementary diagrams of the principal control 
circuits in connection with (1) the starting and connection of the rectifier 
to the direct-current bus-bars ; (2) the automatic control of the vacuum 
pump set. Referring to Fig. 501, automatic ignition takes place (as 
explained on p. 653) as soon as the main oil switch closes, and, after a 
short time delay, the closing coil (6) of the direct-current circuit breaker 
in energized by relay (5). The closing of the circuit breaker opens the 
closing coil and connects, via the contacts of relay (7), the low- voltage 
release coil to the auxiliary a.c. bus-bars. The operating coil of relay (7) 
is controlled by a contact-making thermometer fitted to the cover plate 
of the electrode chamber. Hence if the temperature rises above a pre- 
determined value the relay opens the circuit breaker and closes an alarm 
circuit (.4). 

Referring to Fig. 502, the bus-bars are supplied directly from the 
auxiliary transformer. The master control device for the pump set is the 
vacuum gauge (4), which is fitted with auxiliary contacts for energizing 
the closing coil of the switch (9) controlling the valve of the cooling water 
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Fig. 603. — Interior of Fartick Substation. (Glasgow Tramways.) 




I. 504. — Interior of Typical Substation. (Southern Railway.) B.T.-H. Co. 


676 


ELECTRIC TRACTION 


supply tci the mercury- vapour pump.* When the water circulation com- 
mences, the water-flow switch (3) operates and energizes the closing coil 
of the switch controlling the motor driving the mechanical pump. If, 
liowcver, the water does not commence to circulate within a predeter- 
mined lime after the closing of switch (9), an alarm and lock-out relay are 
energized by a time-limit relay (6). 

Examples of Traction Substations 
Fig. 503 illustrates a substation of the Glasgow Tramways. In this 



Ftcj. 01)5. Arrarig nv nt of Tension Switoh^oar in Typical Substation. 

(Soutiicrn Railway.) B.T.-H. Co. 

substation the transformers and high tension alternating-current switch- 
gear are located in an tid joining room, the oil-switches being electrically 
controlled from a desk type control board located in the centre of the 
substation. Eatdi of the rotary converters is provided with a starting 
motor and a mjgative booster. 

The direct-current switch panels occupy the right-hand portion of the 
switchboard. In the foreground arc five panels controlling fifteen 
line (positive) feeders. The lower contacts of the switches are connected 
to vertical plug-bars on the sub-panels, each of which has four holes for 

* Tlii.s arrangement is employed when the cooling water is obtained from supply 
maias., ^ 
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the insertion of a plug. The corresponding (four) horizontal bars are 
mounted on the back of the panels, and each is connected through a 
switch to one end of the field winding of a corresponding booster, the 
other ends of the field windings being connected to the positive bus-bar 
through suitable switches. The upper contacts of the feeder switches are 



Fjo. 5;)(). UiialU'udi'd Substatiuu on London Underground Railways. 
(Metropolitan -Vickers. ) 

f N ote. - On tlu; left .are the air-blast trai sformci s and starting panels. The main switchboard is on the 
right, .and tlie load limiting resistances are mounted above t ie " machine ” panels.] 

connected directly to the positive bus-bar. Thus any teeder, or a group 
of feeders, may be connected so as to excite any booster. 

The switches controlling the boosters are adjacent to the feeder 
panels. The upper row^ of switches control the field windings. The lower 
row of switches control the armatures, one switch of each group connecting 
ihb positive brush to the negative bus-bar, and the other switch con- 
necting the* negative brush to the vertical plug-bar on the sub-panel. 
The horizontal plug-bars extend along the back of the board to the track- 
feeder panels, which are located at the far end of the board, adjacent to 
the testing panel. Each track feeder is connected, through a switch and 
an ammeter, to a vertical plug-bar, so that any track feeder may be 





Fio. 507 Unattended substation on London Underground Railways. V^iew showing d,c. Side (Flash 
Barriers) of Rotary converter, starting panels, and air-blast transformers. (Metropolitan -Vickers.) 
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connected to any booster. Between the booster panels and the track- 
feeder panels are located the panels controlling the direct-current sides 
of the rotary converters, these panels being distinguished by the field 
rheostats on the sub-panels. 

Fig. 504 illustrates a typical substation of the Southern Railway. 
The rotary converters are six-phase compound wound machines, rated 
at 1500 kW., 600/630 volts, 300r.p.m., 25 cycles. Each machine is 



Fig. 608. — Three 1000 kW., 1500-Volt Rectifier Sets in Unal tended 
Substation of Dutch Railways. (Brown-Boveri.) 

supplied through three single-phase, high reactance, oil-coolcd trans- 
formers, which are located on the floor adjacent to the machines. The 
low-tension connections on both sides consist of bare copper strip. 

The switchboard controlling the rotary converters is also shown in 
Fig: 504. As the machines are of the induction-motor started, self- 
synchronizing type, the alternating-current switchgear consists of (1) 
remote controlled oil-switches for the high-tension side of the trans- 
formers ; (2) short-circuiting switches for the starting motors. The short- 
circuiting switches are mounted on the bedplates near the appropriate 
starting motors, and the levers for operating the oil-switches are mounted 
on the switchboard. The instruments on each machine panel comprise 
a main direct-current ammeter, a field ammeter, an alternating-current 
ammeter, and a power-factor meter. 

The oil-switches controlling the transformers, together with those 




Fig. 509. — Brown-Boveri 1200 kW., 800- Volt Kectifiers in Substation of Berlin Suburban Railways. 
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controlling the high-tension feeders, are located in compartments of 
moulded stone arranged on a gallery, as shown in Fig. 505. In this 
illustration the bus-bar compartments are also shown. 

Views of an unattended substation of the London Underground Rail- 
wasrs are shown in Figs. 506, 507. This substation contains three 1500 kW. 



Fig. 610. — Brown-Boveri 4000 kW., 1600-Volt Rectifier in Substation 
of Czechoslovakian State Railways, Prague. 


rotary con\»;prters and is arranged for supervisory control from an attended 
substation about three miles distant. Each rotary converter is supplied 
from three single-phase, shell type, air-blast transformers with double 
secondary windings connected double delta. 

The initial impulses causing the starting or stopping of the plant are 
given, through pilot wires, from the attended substation, e.g. by pressing 
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push buttons any of the high-tension oil switches, or any of the direct- 
current feeder circuit breakers may be opened or closed, or any of the 
rotary converters may be started or stopped. Signal lamps on the super- 
visory control panel indicate the positions of the main switches and 
feeder circuit breakers as well as the condition of the rotary converters. 
Moreover, in the event of a shut down, indication is given whether this 
is temporary or permanent (i.e. a lock out). 

Examples of rectifier substations are shown in Figs. 508, 509, the 
former being representative of the substations of the Dutch main-line 
railways and the latter being representative of the substations of the 
Berlin suburban railways. In both cases all the substations are equipped 
with rectifiers, there being seven substations having an aggregate output 
of 21,000 kW. in the former case, and forty substations having an aggre- 
gate output of 118,000 kW. in the latter case. 

The substation shown in Fig. 508 is arranged for supervisory control 
and is equipped with three 1000 kW. rectifier sets. Each set consists of 
two 500 kW., 1 500- volt, G-anode rectifiers operating in parallel, and is 
supplied from a three-phase 1330 kVA. transformer with double six- 
phase, star-connected, secondary windings, the “ absorption coil ” (which 
is rated at 250 kVA., 150 cycles) being connected betw^een the two neutral 
points. Each set has a common vacuum pump and a self-contained water 
cooling plant working on the closed circuit principle (Fig. 490). The 
transformers and absorption coils are of the self -cooled, oil -immersed 
type, and are located in cubicles, each of which is provided with a ven- 
tilating shaft G metres (21 ft.) high to ensure adequate natural circulation 
of air around the transformer in hot weather. 

Fig. 510 shows a large (400 kW.) rectifier installed in a substation of 
the Czechoslovakian railways. This rectifier has twelve anodes and dupli- 
cate vacuum pumps. 
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lIKGrULATIONS* made by the Minister of Transport under the 
PROVISIONS OP Special Tramways and Kaillkss Traction Acts or 
Light Bailway Orders; for regulating the use op Electrical 
Power ; for preventing fusion or injurious electrolytic action op 
OR ON Gas or Water Pipes or other metallic pipes, structures, 
OR substances; and for minimizing as far as is reasonably prac- 
ticable injurious interference with the Ej.ectric WiftES, Lines, 

AND APPARATUS OP PARTIES OTHER THAN THE COMPANY, AND THE 
CURRENTS THEREIN, WHETHER SUCH LINES DO OR DO NOT USE THE 
EARTH AS A RETURN. 

First iruido, March, 1894. Revised, Ai)riJ, 1903. 
h\irther revised, Sei)tombor, 1928. 

Defin Uions 

In the followini^^ rei^iilaiions- 

The expression “energy” means electrical (‘ner^y; “generator,** the 
dynamo or dynamos or other electrical apparatus used for the generation or 
conversion of energy; “ motor,” any electric motor carried on a car and used 
for the conversion of energy; “ pipe,” any gas or watc^r pipe or other metallic 
pipe, structure, or substance; ” wire,” any wire or apparatus used for tele- 
graphic, telephonic, electrical signalling, or other similar purposes ; ” current,” 
an electric current cxc(‘eding one-thousandth part of one ampere. 

The expression th(j Company ” has the same meaning as in the Tram- 
ways and Bailless Traction Acts [laght Railways Order]. 

Hcf/ulaiiontf 

1. Any generator shall be of such jiattei'n and conslruclion as (o be 
capable of producing a continuous current witliout appreciable pulsation. t 

2. (T.) One of the two conductors tised for transmitting energy from the 
generator to the motors shall he hi every case insulated from earth t and is herein- 
after referred to as the ” line ”; the other may he msulatcd throughout^ or may 
he uninsulated in such parts and to such extent as is provided in the following 
regulations, and is hereinafter referred to as the “ return J*' 

(R.) The positive and negative conductors used for transmitting energy 
from the generator to the motors shall he insulated from earth, 

3. (T.) Where any rails on which cars run or any conductors laid between or 
within three feet of such rails form any part of a return, such part may he 
uninsulated. All other returns or parts of a return shall he insulated, unless 
of such sectional area as will reduce the difference of potential between the 
ends of the uninsulated, portion of the return helow the limit laid down in 
Regulation 7. 

4. (T.) When any uninsulated conductor laid between or within three feel of 

* Separate regulations are issued for tramways and railless routes, but they .are 
here shown combined for convonionco. The regulations which are common to "both 
tramways and railless routes aro shown in Roman type ; those which apply only to 
one system or the other are shown in italic, the letter T or R, combined with the 
number of the regulation indicating whether the regulation applies to tramways (T) 
or railless routes (R). 

t The Minister of Transport will be prepared (o consider the issue of regulations 
for the use of alternating currents for electrical traction on application. 

083 



684 


APPENDIX I 


the rails forms any part of a relurtu H shall he eleelricalUj connected to the rails 
at distances apart not exceeding 100 feet by means of copper strips having a- 
sectional area of at least one-sixteenth of a square inch, or by other means of 
equal conductivity. 

5. (T.) (a) When any part of a return is uninsulated it shall be connected, 
with the negative terminal of the generator, and in such case the negative terminal 
of the generator shall also he directly connected, through the current-indicator 
hereinafter mentioned, to two separate earth connections which shall be placed 
not less than 20 yards apart. 

(b) The earth connections referred to in this regulation shall be constructed, 
laid, and maintained so as to secure electrical contact with the general mass of 
earth, and so that, if possible, an E.M.F., not exceeding four volts, shall suffice 
lo produce^, current of at least two amperes from one earth connection to the 
other through the earth, and a test shall be made once in every monlh to ascertai}i • 
’Whether this requirement is complied with. 

(v) Provided that in jdace of such two earth connections the Company may 
make one connection to a main for water supply of yiot less than three inches 
internal diameter, with the consent of the owner thereof and of the person supplybu/ 
the water, and provided that where, from the nature of the soil or for other reasons, 
the Company can show to the satisfaction of the Minister of Transport that the 
earth connections herein specified cannot be constructed and maintained without 
undue expense, the provisions of this regulation shall not apply. 

(d) No portion of cither earth connection .shall be placed within six feet of 
any pipe e.vcept a main for water supply of not less than three inches internal 
diameter which is metallically connected lo the earth connections with the consents 
hereinbefore specified. 

(e) When the generator is at a considerable distance from the tramway the 
uninsulated return shall be connected lo the negative terminal of the generator 
by means of one or more insulated return conductors, and the generator shall 
have no other connection with earth : and in such case the end of each insulated 
return connected with the uninsulated return shall be connected also through a 
current indicator lo tu'o sejiaratc earth connections, or with the necessary consents 
lo a main for water supply, or with the like consents lo both in the manner 
prescribed in this regulation. 

(f) The current indicator may consi.st of an indicator at the generating 
station connected by insulated wires to the icrminals of a resistance interposed 
between the return and the earth connection or connections, or it may consist of 
a suitable I ow- res i. si a nee ma.rimum demand indietdor. The .said resistance, or 
the resistance of the ma.rimum demand indicator, shall he such that the maximum 
current laid down in Regulation (» (i) .shall produce a. difference of potential not 
exceeding one volt between the terminals. The indicator shall be .so constructed 
as to indicate correctly the current passing through the re.si.slance when connected 
to the termin/ils by the insulated wires before-mentioned . 

0. (T.) When the return is partly or entirely uninsulated the Company shall 
in the construction and maintenance of the tramway (a) so separate the uninsu- 
lated telurn from the general mass of earth, and from any pipe in the vicinity ; 
(b) so connect together the several lengths of the rails ; (c) adopt such means for 
reducing the difference, produced by the current, between the potential of the 
uninsulated return at any one point and the potential of the uninsulated return 
at any other point ; and (<>.) so maintain the efficiency of the earth connections 
specified in the preceding regulations as to fulfil the following conditions, viz. ~ 

• 

(i) That the current passing from the earth connections through the indi- 
cator to the generator or through the resistance to the ineulaied 
return shall not at any time exceed either two amperes per mile^of 
single tramway line or five jier cent of the total current output of' 
the station. 
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(ii) Thai \j at any time and at any place a teat he made hy coymectiny a 
galvanometer or other current-indicator to the uninsulated return and 
to any pipe in the vicinity, it shall always he possible to reverse the 
direction of any current indicated hy interposing a battery of three 
Lechmche cells connected in series if the direction of the current is 
from the return to the pipe, or hy interposing one Leclanche cell if 
the direction of the current is from the pipe to the return. 

The owner of any such pipe may require the Company to permit him at 
reasonable times and intervals to ascertain hy test that the conditions specified 
in (ii) are complied with as regards his pipe. 

7. (T.) When the return is partly or entirely uninsulated a continuous record 
shall he kept hy the Company of the difference of potential during the working 
of the tramway between points on the uninsulated return. If at any time such 
difference of potential between any two points exceeds the limit of seven volts, 
the Company shall take immediate steps to reduce it below that limit. 

8. (T.) Every electrical connection with any pipe shall be so arranged as to 
admit of easy examination, and shall be tested hy the Company at least once in 
every three months. 

0. (T), 3 (R). The insulation of the line, and of the return when insulated, 
and of all feeders and other conductors, shall b(i so maintained that the 
Icakap^e current shall not <'xc(H!d one hundredth of an ampere per mile of 
tramway. The leakagt^ current shall be ascertained! not less fre^quimtly than 
once in every week before or after the hours of running when the line is fully 
charged. If at any time it should be found that the leakage current exceeds 
one-half of an ampere per mile of route t he leak shall be localized and removed 
as soon as practicable, and the running of the cars and trolley vehicles shall be 
stopped unless the leak is localized! and removed within 24 hours. Provided 
that where both line and return are placed within a conduit this regulatioyi shall 
not apply. 

10. (T.) Any insulated return shall be placed parallel to and at a distance not 
exceeding three feet from the line when the line and return are both erected over- 
head, or eighteen inches when they are both laid underground. 

11. (T), 4 (R). In the disposition, connections, and working of feeders, tJie 
Comi 3 any shall take all reasonable precautions to avoid injurious interference 
wit h any existing wires. 

12. (T), 5 (It). The C\impany shall so construct and maintain their system 
as to secure good contact between tlie motors and the line and return 
respectively. 

13. (T), 0 (K). The Company shall adoi^t the best moans available to pre- 
vent- the occurrence of undue sparking at the rubbing or rolling contacts in 
any place and in the construction and u.se of their generator and motors. 

14. (T.) Where the line or return or both are laid in a conduit the following 
conditions shall be complied with in the construction and maintenance of such 
conduit — 

(a) The conduit shall be so constructed as to admit of examination of ayid 

access to the coyiductors coyitahwd therebi ay\d their iymdators and 
sujyjyorts. 

(b) Jt shall be so coyistructed as to be readily cleared of acciunulation of 

dust or other debris, ayid yio such acciuyiulation shall be permitted 
to remain. 

(cf It shall be laid to such falls ayid so coyinected to sumps or other means 
of drainage, as to automatically clear itself of water without danger 
of the water reaching the level of the coyiductors. 

(d) If the cofiduit is formed of metal, all separate lengths shall be so jointed 
as to secure efficient metallic continuity for the passage of electric 
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currents. Where the rails are used to form any part -of the return 
they shall he electrically connected to the conduit by means of copper 
strips having a sectional area of at least one-sixteenih of an inch, 
or other means of equal conductivity^ at distances apart not exceeding 
100 feet. Where the return is wholly insulated and contained within ^ 
the conduit, the latter shall be connected to earth at the generating 
station or sub-station through a high-resistance galvanometer suitable 
for the indication of any contact or partial contact of either the line 
or the return with the conduit. 

(e) If the conduit is formed of any non-metallic material not being of high 

insulating quality and impervious to moisture throughout, the con- 
ductors shall be carried on insulators, the supports for which shall 
' be in metallic contact with one another throughout. 

(f) The negative conductor shall be connected with earth at the station by a 

voltmeter, and may also be connected with earth at the generating 
station or sub-station by an adjustable resistance and current indi- 
cator. Neither conductor shall otherwise be jwrmayiently connected 
with earth. 

(g) The conductors shall be constructed in sections not exceeding one-half 

a mile in length, and in the event of a leak occurring on either 
co7iducior that conductor shall at once be connected with the negative 
pole of the dynamo, and shall remain so connected until the leak 
can be removed. 

(h) The leakage current shall be ascertained daily, before or after the hours 

of running, when the line is fully charged, and if at any time it 
shall be found to exceed one ampere per mile of tramway the leak 
shall be localized and removed as soon as practicable, and the 
running of the cars shall be stopped unless the leak is localized and 
removed within 24 hours. 

15. (T), 7 (K). Tlio Company shall, so far as may be applicable to their 
system of working, keep records as specified below. These records shall, if 
and when required, be forwarded for the information of the Minister of 
Transport. 

Number of cars or trolley vehicles running. 

Number of miles of single tramway line, or length of routes. 

Daily Decords 

Maximum working current. 

Maximum working pressure. 

(T.) Maximuin current from the earth plates or water-pipe connections (vide 
Regulation 6 (i) where the indicator is at the generating works. 

(T.) Fall of potential in return (vide Regulation 7). 

(T.) T-jeakage current (vide llogulation 14 {h)). 

W eekly Records 

Leakage current (vide Regulation 9 (T) or 3 (R)). 

(T.) Maximum current from the earth plates or water-pipe connections (vide 
Regulation 6 (i)) where a maximum, demand indicator is used. 

Monthly Records * 

(T.) Condition of earth connections (vide Regulation 5). 

Quarterly Records 

{T.) Conductance of joints to pipes (vide Regulation 8). 
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Occasional Records 

(T.) Specimens of tests made under provisions of Regulation 6 (ii). 

(R.) Localization and removal of leakage^ stating time required. 

(R.) Particulars of any abnormal occurrence affecting the electric working of 
the routes, 

MEMORANDUM AND REGULATIONS REGARDING DETAILS OF 
CONSTRUCTION OF NEW LINES AND EQUIPMENT 

(Note. — These requirements and recommendations apply also to recon- 
struction of track, cars and equipment undertaken after the date of the 
Memorandum, as well as to new lines or new stock.) 

The jiaragraphs in italics arc typical working Regulations nfhde by the 
Minister of Transport after the systems have been inspected and authorized 
for i)asscnger working. 


I — CONSTRUCTIONAI. DETAILS 
(a) Clearance 

1. There must uridtir all conditions be; at least 15 in. clear between any 
peiint on the sides of passing cars, and also a similar space between any point 
on the side of a car and any standing work whether on straight or curved 
tracks. 

For new and reconstructed standard gauge systems, double track on the 
straight should be laid with a standard interval between centres of 8 ft. 6 in., 
with a corresponding increase on curv^es, t o permit of through loinning and 
tlie use of wide cars. 

2. Side posts to be placed inside tlie kerb fit a sufficient distance from it 
to prevent the possibility of road vehicles coming into contact with them. 

3. There must be at least 15 in. between any point on the side of a car 
and the kerb, whether on straight or curved tracks, unless otherwise approved 
by the Minister of Transport. 

In roads where the general vehicular traflQc is considerable, and the full 
interval of 9 ft. 0 in. between the edge of the kerb and the nearest rail cannot 
be provided by a widening of the metalled roadway, it is desirable to avoid 
as far as possible such an interval between rail and kerb — for example, from 
5 ft. to 7 ft. — as might lead to the liability of other vehicles being trapped. 
In such cases it will be for consideration, having regard to the available 
width of roadway, whetlier the single or double line should not be laid so far 
out of centre of the road as to provide the minimum clearance between car 
and kerb, as specified above, on the one side, and the maximum possible 
clearance on the other. 

4. The clearance between the top deck of uncovered cars and the under- 
side of bridges should not, if possible, be less than 6 ft. 6 in. Where this 
clearance cannot be obtained special precautions in working will be required, 
and each case will be considered on its merits. 

(b) Overhead Electrical Equipment 

1 . The electrical pressure between the overhead conductors used in connection 
with the working of the tramways and the earth, or between the two overhead con- 
ductors used in connection with the working of the trolley-vehicle routes, or between 
any two such conductors, shall in no case exceed 600 volts. The electrical energy 
supplied through feeders shall not be generated at, or transformed to, a pressure 
higher than 050 volts, except with the written consent of the Minister of Transport 
and subject to such regulations and conditions as he may prescribe, 

2. Centre posts must not be used without the consent, in every case, of 
the Minister of Transport. 
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3. Tlu* stone-kerbing round isolated centre or span wire posts should not. 
be such as to enable any person to stand upon it as a refuge, unless the 
clearance is ample for safety. 

4. Span wire construction is preferred so as to provide for trolley wires 
being centrally spaced o\ov their respective tracks. Bracket arms, not as a 
rule exceeding lb ft. in length, may, however, be used if this form of con- 
struction is t‘conoinically desirable. 

5. The interval between the supports to which the overhead conductors used in 
connection ivith the working of the tranncays are attached shall not, except with 
the approval of the Minister of Transport, exceed 120//., and as a general rule 
the overhead conductors shall in no part be at a less height than 20//. from the 
surface of the street, except where they pass under bridges, 

0. EacU positive conductor shall be divided up into sectiofis not exceeding 
{except with the. special approval of the Minister of Transport) one-half of a 
in He in length, between every two of which shall be inserted an emergency switch 
so enclosed as to be inaccessible to pedestrians, 

7. The poles carrying section switch boxes shall be efficiently connected with 
earth, 

8. Whe^'c on trolley-vehicle routes there are Itvo negative trolley wires, these 
shall be cross-connected at intervals of not more than half a mile. 

0. No gas or electric lamp bracket shall be attached to any pole unless either 
triple insulation is provided between the pole and the overhead, conductors or the 
pole is bonded to the tramway rails. 

In the case of any lamp suspended from the span wire carrying the overhead 
tramway conductors that portion of the span wire from which the layup is sus- 
pended shall be separated frotn that portioyi or portions on which the trolley wire 
or wires are carried by a sydtable insulator. 

10. Each separate insulator on the oywrhcad coyuJuctors shall be tested not 
less frequeyitly than once iyi a yyionth, ayid any insulator found to be defective 
shall at once be rcynoved and ayi efficioit insulator substituted. 

If and whenever telegraph, telephoyye, or other u ires, ym protected with a per^ 
manent insulatbuj covering, cross above, or are liable to fall upoyi, or to be blown 
on to, the overhead conductors of the trayyiway or trolley-vehicle routes, efficient 
guard ivires shall be erected and maiyitained at all such places. 

Provided that this regulation shall not apply to Post Office over-road stay 
•wiles or other uncovered wires which are not electrical conductors where they are 
connected at each end. to the tramicay rails or negatii'C conductor. 

The guard ivires shall be connected to the negative overhead conductor {on 
trolley-vehicle routes) at intervals of not tnore than five spans. 

Notk. — Guai'd Wire Regulations are given on p. 092. 


(c) Permanent Way 

1. The weight of rails, on i)ublic roads, should not be less than 90 lb. per 
yard, and one or other of the British Standard sections for Tr.amway Kails is 
I)ref erred. 

2. The groove of new rails must not exceed 1 1 in. in width, but a groove 
not exceeding IJ in. will be accejded cm curv'cs of less than 150 ft. radius, 
and for special work. 

3. The removal of storm water accumulating in the rail groove to be 
adequately provided for by slotted rails, or other approved device, suitably 
connected to the drainage system. The number of “ draw-off jioints to be 
increased on gradients or at termini. 

4. The details of {permanent way an.d mode of construction in the case of 
new lines should be submitted to the Minister of Transport for approval 
before work is commenced, and may not be substantially varied at any time 
withotlt the Minister’s consent. 
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II. C^AR EQriPMENT 

1. Type drawings of all cai*s intended to be used on a line must bt* sub- 
mitted to the Minister of Transpoi*t for approval, before orders for the cai*s 
are placed (see paragi*aph 15 below). 

2. Every motor carriutje used on the tramways shall comply with the follow- 
ing requirements y that is to say — 

(a) It shall he fitted, if and when required hy the Minister of Transport, 

with an apparatus to indicate to the driver the speed at which it is 
running. 

Instructional cars should preferably bt* so fitted. 

(b) Its wheels shall be equipped with brake-blocks, which can be applied 

by a screw or by other means, and there shall be in^ addition an 
adequate electric brake, 

NoTE.—Where for a considerable distance the* gradients art* 1 in 15 oi* 
stt*t*per, the following will be added tt> this regulation -- 

“ and a track brake approved by the Minister of Transport for use on the 
tramway s.'^ 

An electric brake will not be accepted as “ atietpiate ” unless it can bt* 
applied by a step by stej) movement either t)f a st*parate brake handle, or of 
the ctmtrtdler handle only, in the t)ppt)site diret*tit)n to that necessary to apidy 
power. 

(c) It shall be conspicuously numbered inside and outside. 

(tl) It shall be fitted with a suitable life-tjuard, and irilh a special bell to be 
sounded as a warning when necessary. 

Life-guards must be of tht* falling tray type, and tht* ft)llowmg con- 
structional f(*atures observed — 

(i) A rapid action type t)f release to la*, used. 

(ii) The bottom edge of the hanging front gate to be as close to the 

ground as practlcablt*, and this gate should be free to move 
backwards through an angle as near to as possible. 

(iii) There should be at least 3 ft. 0 in. b(*tween the* front gate and the 

leading edge of the tray. 

(iv) The tray to have a minimum clear deptli from front to back of 2 ft. 

(v) Both gate and tray sliould be at lea.st as wide as the outside of the 

frame of tlie truck. 

(vi) A vertical back or barrier at least 12 in. high to be provided behind 

the tray. 

(vii) ^riie whole of the .space bounded by the gate, sid(*s and back of the 

ti*ay to be kept clear as far as possible of any obstruction below 
the level of the bottom of the main frame. 

(viii) A sale guard, preferably of the collapsible type, working in con- 
junction with the tray, to be fitted on tlie near side. Where 
folding steps arc in use, it is desirable that a similar side guard 
should also be provided on tlie off-side. 

(ix) The actuating spring of tlie tray should be so designed that a pull 
of at least 50 lb. on the front edge of tdie tray shall be necessary 
to lift the tray from its actuated position. 

(e) It shall be so constructed as to enable the driver to command the fullest 
possible view of the road. 

Staircases of the “ reversed ” type must not be adopted in futiu’e. 

2 (Il)| Every trolley vehicle used on the routes shall comply with the folloicing 
requirements, that is to say — 

(a) It shall be fitted, if and when required by the Minister of Transport, 

with an apparatus to indicate to the driver the S 2 )€ed at which it is 
running. 

(b) It shall be fitted with at least two independent brakes each capable of 
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sioppiny ami holding the vehicle on any yradienl on the routes. 
One of the brakes at least must he applied by pedal. 

(c) It shall be conspicuously numbered inside and outside. 

(d) Jt shall be fitted with a bell, horn, gong, or other approved means of 

giving warning when riecessary. 

(ti) It shall be so cotistructed as to enable the driver to command the fullest 
possible view of the road. 

3. It is desirable that all new cat's should be equipped with folding steps. 
In the case of ik^w cars designed for exit (or entrance) at the leading end on 
the near side, the steps used for the purpose must be of the folding type, and 
a door or collajisible gate provided. Arrangements will be necessary to ensure 
that, before the oar is put in motion, the step is folded, and the door or gate 
closed ; also that the step is lowered when the door or gate is opened. A ver- 
tical clearance of at least 1 ft. 2 in. bidween the lowest part of the step or 
its e(iuipment w’hen folded and the rail table to be provided. If any exception 
is desired to the provisions of this paragraph, the circumstances must be 
explained in dc^tail so that the case may rcceiv^e due conside.ration. 

4. On lines having severe gradients and sharp curves, the use of double- 
deck cars may be objected to. 

5. Where the gauge of the line is 3 ft. (5 in. or less, top dock covers must 
not be used, except for routes upon wdiich their use has already been approved. 

0. Arrangements for sanding each rail to be i^rovidod at each end of the 
cars. On systems having severe or dangerous gradients ari'angeinents to 
enable the motorman to sand the rail behind as well as in front of the car may 
be required. 

7. Top deck railings should be at le«ist 3 ft. 0 in. high. 

8. All railings shall be connected tvilh earth, except that those used by pas- 
sengers in mounting or alighting f rom a carriage may be insulated if so desired. 

9. The hand-rails used by passengers on entering or leaving a trolley vehicle 
shall either be constructed of some non-conducting substance or be covered with a 
suitable insulating material. 

10. All electrical conductors fixed upon the carriages and trolley vehicles in 
connection with the trolley wheels shall be formed of flexible cables protected by 
indiarubber insulation of the highest quality, and additionally protected wherever 
they are adjacent to any metal so as to avoid risk of the metal becoming charged. 

11. The insulation of the electrical conductors from the metal work of each 
trolley vehicle shall be tested and recorded daily before the vehicle is vised for 
passenger traflic with a testing pressure not less than 500 volts. No trolley vehicle 
shall be taken out for use if the leakage current exceeds 3 inilliamperes, 

12. The trolley standard of every double-deck carriage shall be electrically 
connected to the wheels of the carriage in such manner as either to prevent the 
possibility of the standard becoming electrically charged from any defect in the 
conductors contained within it or in the event of the standard becoming electrically 
charged to give a distinctive and continuous warning signal, recognizable both by 
day and by night to the driver or conductor. No j^assetiger shall be allowed to 
travel on the upper deck of a carriage as long as there is risk of electric shock. 

Note. — Tliis regulation will not apply to the trolley base on the top 
cover of double-deck cars. 

(13) An emergency cut-off switch shall be provided and fixed so as to be con- 
veniently reached by the driver in case of any failure of action of the controller 
switch. 

14. Where trolley ropes cannot be dispensed with or tied up, precautions 
must be taken to prevent the “ slack ** causing accidents. 

15. Trolley booms and heads should be so designed and secured as to 
minimize danger arising from the following causes — 

(oj Dewiring of trolley heads. 
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(6) De wired trolley heads catching up in any part of ih<i overhead 
equipment or guardwiring. 

(c) Pulling out or breakage of trolley boom or standard. 

(d) Swinging of trolley boom after trolley head is do wired. 

(e) Falling of detached trolley head. 

The use of non-fouling trolley heads, or slipper collectors, and some* 
frictional or other device to check vertical movement or lateral swing of a 
trolley boom in the event of dewiring, is for consideration. It may also be 
desirable to use a detachable head secured by a rope to the boom. 

16. In cases where the use of trailer-cars is approved the trailer draw-gear 
shall, with a view to securing interchangeability, be constructed of such height 
and standard dimensions as may be required by the Minister of Transport. 

17. Alterations wliich conflict with the above requirements, fjtc., to cars 
t)f approved design arc not x>ermissible, nor should a new contract be made 
nor a new programme of manufacture be commenced until approval lias been 
given of the design and gtmcral equipment. 

III. (lENERAI. 

No trailer carriage shall he vsed on the iranneays icithoul the consent of the 
Minister of Transport except — 

(a) In the case of the removal of a disabled carriage, 

(b) For the conveyance of salt, sand, and other materials or stores for the 

purposes of the tramways undertaking. 

When trailer carriages are used for the conveyance of salt, etc,, under (b) the 
following requirements shall be complied with- - 

( 1 ) More than one trailer carriage shall not be attached to any motor 

carriage, 

( 2 ) No passengers shall he carried in any motor carriage to which a trailer 

carriage is attached, 

(II) The trailer carriage shall be fitted with efficient brakes and there shall 
be a 7nan on the trailer carriage to attend to the brakes. 

When trailer carriages are used loith the consent of the Mmister of Transport 
for the conveyance of passengers, the following requirements shall be complied 
with - 

(a) The wheels of the trailer carriages shall be fitted with brake blocks, 

which can be applied by a screw or by other 7neans, 

(b) The carriages shall be conspiciiottsly numbered inside and outside, 

(c) Not more than two carriages shall be coupled together. Where two are 

so running there shall be, in all cases ichere the brakes on the second 
carriage arc not controlled /rom the first carriage, a man on the front 
platform of the second carriage, in addition to the conductor, whose 
sole duty it shall be to attend to the brakes, ineans being jwovided by 
which the driver can signal to this man when he wishes the brakes 
on the rear carriage to be applied. 

No trailer vehicle shall be used 07i the routes except in the case of the removal 
of a disabled trolley vehicle. 

Every carriaxje used on the tramteays for the conveyance of pas8e7ig€rs shall 
he so constructed as to provide for the safety of passengers, a7id for their safe 
eyitrance to, exit from, a7id accommodaiio7i in such carriage. 

Carriages from which passengers are allowed to alight on the near side at the 
front or driver's end shall be distinguished by the exhibitioii of a co 7 ispicuous 
notice on \he near side of the dash at each end in red lettermg 07i a 7chite plaque 
bearing the words “ Front exit car," 

Provided that in the case of the vibe of trailer carriages such notices shall he 
exhibited on the lead mg e7id of the fro7tt carriage and the rear end of the rear 
carriage. 
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No passenger shall he allowed to I ravel sta7iding on the platforms, staircases, 
or upper deck of a carriage. 

No passenger shall he allowed to travel staiiding on the steps, platform, 
staircase, or upper deck of a trolley vehicle. 

During the period helween one hour after sunset and one hour before sunrise 
or durbig fog every carriage on the tramways, or tvhere two carriages are coupled 
together the front carriage, shall carry a lamp so constructed and placed as to 
exhibit a white light visible within a reasonable distajice to the front and every 
carriage, or where two carriages are coupled together the rear carriage, shall 
carry a lamp so constructed and placed as to exhibit a red light visible within a 
rcasomthle distance to the rear. 

During the hours of darkness, which expression means in summer lime the 
time betwee.M one hour after sunset and one hour before sunrise and during the 
remainder of the year the time between half-an-hour after sunset and half-an-hour 
before sunrise, and at any time during fog, every trolley vehicle on the routes shall 
carry a lamp on each side so constructed and placed as to exhibit white lights 
risible within a reasonable distance to the front, and every such vehicle shall 
carry a lamp so coyistructed and placed as to exhibit a red light visible within a 
reasonable distance to the rear. The front lamps shall be fixed on opposite sides 
of the vehicle, be as nearly as possible of the same power, and be fixed at the same 
height from the ground in such positioti that no part of the vehicle or its equivalent 
extends laterally on the same side as the lainp more than 12 in. beyond the centre 
of the lamp. The rear lamp shall be fixed either on the centre line or on the off-side 
of the vehicle. 

GUAllL) WIllKS OX KLI0(;TH1(’ TJIAMWAYS AND DKUIT KAH.W'AYS 
(LAID ON PUBLIC’ ROADS) AND TROLLKY-VEHK’J.L ROUmS 

Explanatory Memorandum 

Note. — Tin* (‘xprossion “ telegraph wire ” in this inemoranduiii includes 
all telegraph, telephone, and other wires referred to in the? Regidation (p. (>8S). 

For the purpose of this niemoranduni, t(‘legraph wires are divided into 
two classes, nanicly ~ 

(a) Wires weighing loss than 100 lb. per mile (No. 14, S.W.O.). 

(ft) Wires weighing 100 lb. i)er mile (No. 14, S.W.O.) or more. 

On trolley-vehicle routes the requirements are based \ipon the conniiction 
of the negative trolley wire to earth or to the rails of a tramway, as will b(5 
required by Regulation in all cases. Each guard wircj on these routes shall be 
electrically continuous and well connected to the negative trolley wire at each 
end span and at intervals of not more than iiva spans. '^Fhe negative trolley 
wire need not lx; guarded. 

On tramways each guard wire should be well c^arthed at each end, and at 
intervals of not more than fivt; spans. Tlu; ri*sistance to earth should be 
sufficiently low to insure that a tel<*graph wire falling on and making contact 
with the guard wire and trolley wire at any time will cause the circuit-breaker 
protecting that section to open. 

The earth connection should be made by connecting the guard wire to the 
rails by means of a copper bond. When first erected, the resistance to earth 
of the guard wires should be tested, and periodical tests should be made to 
prove that the earth connection is efficient. 

Guard wires should be, in general, of galvanized steel, but in manufacturing 
districts, in which such wires are liable to con*osion, bronze or hard-drawn 
copper wires should be used. 

The gauge of the guard wire should not be less than seven strands of 
No. 16 or one of No. 8 wire. ^ 

The supports for the guard wires should bo rigid and of sufficient strength 
for their purpose, and at each support each guard wire should be either (on 
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irolley-vehirle routes) insulated from tlie support, or io?i tramways) securely 
bound in or terminated. 

The rise of the trolley boom should be so limited that if the trolley leaves 
the wire it will not foul the guard wires. 

Tklegraph Wires Crossing Trolley \\'ires 
Class (a). — Wires Weiyhimj less than 100 Ih, per Mile 

1. Where there is one positive ti*olley wire, two guard wires should be 
erected (see Fig. A). 

2. Where there are two positive trolley wires at a distance not exceeding 
12 ft. apart, two guard wires should be erected (scic Fig. B). 
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3. In special cases, at junctions or curves, whore j)aj'allel guard wiring 
would be complicated, two guard wires only will generally suffice if so erected 
that a falling wire must fall on them before it can fall t>n the trolley wire. 

Class (/>). — wciyhiny 100 lb, or more per Mile 

4. Where there is only one positive trolley wire?, two guard wires should 
bo erected (see Fig. A). 

.5. Whei*e there are two positive trolley wires not more than 15 in. apart, 
two guard wires should be erected (see Fig. V>). 

0. Where there are two positive trolley wires and the distance between 
them exceeds 15 in., but does not exceed 48 in., three guard wires should be 
erected ii(see Fig. D). 

7. Where the distance between the two positive trolley wires exceeds 
48 in., (iach trolley wrire should be separately guarded (sec Fig. E). 

8. It is desirable, whei*e possible, to divert telegraph wires from above 
trolley junctions and trolley-wire crossings, and undertakers should endeavour 
to make arrangements to that effect with the owmers of teh'graph wires. 
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Telegraph VVjkes Pakaij.el to Trolley W ires 

9. Where telegrapli wires not crossing a trolley wire are liable to fall upon 
or to be blown on to a trolley wire, a guard wire should be so erected that a 
falling wire must fall on the guard wire before it can fall on the trolley wire. 

If the trolley wire is within the angle formed by the vertical plane of a 
tel(»graph wire, and an imaginary plane drawn at an angle of 45® from the 
uppermost telegraph wire on the side nearest to the trolley wire, a guard 
win? should be erected on span wires or on the brackets. This indicates the 
minimum requirements. In very exposed situat ions or for heavy routes of 
wires, more than one guard wire may be needed. 

10. When guard wires are attached to other supports than the trolley 
poles they should be connect^ed with the rails at one point at least. 

11. W^hen it is i)ossiblo that a telegraph wMrci may fall on an arm or a 
stay, or a span wire, and so slide down on to a trolley wire, guard hooks 
should be providcMl. 

General 

12. Minimum guai-ding requirements for Classes (a) and (6) are provided 
for in this memorandum, but in exceptional cases, such as in very exposed 
positions, or for unusually lu'avy telegraph wires, special precautions should 
b(* taken. 
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ABSTRACTS FROM THE STANDARDS OF THE AMERICAN 
INSTITUTE OP ELECTRICAL ENGINEERS 

Railway Motors 
Hating 

101. The one-hour rating oi a railway motor shall be the output at the 
motor shaft measured in horse power (or kilowatts) which the motor can 
carry for one hour on a stand test, starting cold, at its rated 'Voltage (and 
frequency in the case of an alternating-current motor) with the ventilation 
system as in service, without exceeding the temperature limits given in the 
accompanying table. 

102. The continuous rating of a ventilated motor shall be the output at 
the motor shaft measured in horse power (or kilowatts) which the motor can 
carry for an unlimited period on a stand test, with the ventilating system 
as in service, without exceeding the temperature limits given in the table. 

104. In the absence of any specification as to the kind of rating the 
one-hour rating shall be understood. 

105. The ratings of a field-control motor shall relate to its performance 
with the field connection whicli givcis the maximum rating. 




Method of 

1 Limiting Temperature Rise ° C. 







iTFiM 

Tyne of 
lOnrjosurc 

Tcmiierature 

Determination 

One-hour rating 

Continuous rating 




A* 

B* 

A* 

B* 

Armature and flcld 

Ventilated 

R(;sistance 

100 

120 

85 

105 

windings 


Thermometer 

80 

95 

65 

SO 


Totally enclosed 

Resistance 

110 

130 

9.5 

115 


! Thermometer 

90 

105 

75 

90 

Cores and inecbaniful 




i 



parts in contact with, 

Ventilated 

Thermometer j 

90 

95 

65 

80 

or adjacent to, insu- 
lation 

Totally enclosed 

Thermometer | 

or. 

105 

75 

90 

(/ommiitatur 

Ventilated 
Totally enclostal 

Tliennoinetcr 

95 

no 

1 80 

95 


Thermometer 

105 

120 

90 

105 


• A denotes ** Clitss A ” insulation, i.e. cotton, silk, paper, and similar organic substances when 
impregnated ; also enamel as applied to conductors. 

B denotes “ Class B " insulation, i.e. inorganic materials (mica, asbestos) in built up form, com- 
bined with binding substances. If Glass A material is used in small quantities for structural purposes 
rmly the combined material may be considered as Class B, provided that the electrical and 
moclmiiical properties of the insulated winding are not impaired by the application of the temperature 
permitted for Class B. 

Temperature Limitaiiona 

(Notk. — T he allowable temperature in any part of a motor in service is 
governed by the kind of material with which that part is insulated. In view 
of space limitations, and the cost of carrying dead weight on cars, it is con- 
sidered good practice to operate railway motors for short periods at liighcr 
temperatures than would be advisable in stationary motors.) 

1. The limiting observable tem^ratures recommended for service are— 

Normal Values Peak Valu^ 

Class A insulation . . 90-106® C. (thermo.) 110-126® C. (resistance) 
Class B insulation . 106-120® C. (thermo.) 130-146® C. (resistance) 

696 
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The normal ” values are those which will be obtained in normal service 
with cooling air at a tempciraturc of 25° C. The “ peak ” values are those 
wliich will usually be found with maximum motor loads and highest cooling 
air temperatures. In each case the lower limit refers to the temperature as 
determined by thermometer, and the upper limit refers to the temperature 
as determined by resistance measurements. 

150. The temperature rise of each of the various parts above the tem- 
perature of the cooling air, when tested in accordance with the rating, shall 
not exceed the values given in the table. The resistance method f)f tempera- 
ture measurt^ment is considered as the basic method. 

153, 150. The resistance method of teiriperature determination involves 
the comparison of tlie resistance at th(^ temperature to be determined with 
t he resistanre at a known temperature. If t -- reference tcjmperature ° C., 
r = resistance at reference temperature, R - - observed i*esistanc(*, then tem- 
perature ( T) corresponding to observed resistance is given by 
r ( 7?/r) (234-5 h 0 - 234-5. 

157. TJie test may be made at any cooling air temperature, preferably 
not below 1 0° C. It shall be assumed that the temperature rise is the same 
for all cooliLg air temperatures between the limits 10° and 40° O. 

102. (1) The cooling air temperature of all motors, except those equipped 
with inlet pipes or ducts, shall be measured by several thermometers placed 
at different points around and half-way up the machinci at a distance of 
1 to 2 metres. 

(2) When th(‘ cooling air is supplied through ducts tlie temperature of 
the cooling air shall be measured in the inlet duct system at a distance of 
not less than one m dre from the machine. 

( racier istic Curves 

350. 'fhe characteristic curves of railway motors shall be plotted with 
the current as abscissae, and the tractive effort, si)eed, and efficiency as 
ordinates. In the case of alternating-current motors, the power-factor shall 
also be plotted as ordinates. 

351. Characteristic curves of direct-current motors shall be based on full 
rated voltage. 

352. In the case of field-control motors, (diaracteristic curves shall b(; 
given for all operating field connections. 

Efficiency and Losses 

201. The following method of determining efficiency is recognized as 
standard for direct-current railway motors — 

Conventional efficiency, — The efficiency is obtained from the component 
losses, most of whicli are accurately determinable and the remainder of 
which arc assigned conventional values. 

202. Normal conditions for conventional efficiency tests and calculations — 

(а) The efficiency shall be determined for the rated voltage. 

(б) W hen the efficiency is stated without specific reference to load con- 
ditions, the 1-hour load shall be understood. 

(c) The efficiency of all apparatus at all loads shall be corrected to a 
reference temperature of 75° C., but tests may be made at any convenient 
cooling air temperature, preferably not less than 10° C. 

203. Conventional efficiencies shall be based upon the following losses’** — 

(a) PR losses in armature and field windings ; (b ) brush friction, Armature 

bearing friction, and windage losses; (o) no load core loss; (d) brush contact 
loss ; (e) stray load losses. I 

* Wlien the efficiency of the motor, including the losses in the gearing, is 

roquirc^d, the conventional values given in §400 should be included. 
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204. Losses sliall be measured, calculated, or arbitrarily taken as specified 
ill §§ 205-209. 

205. The l^R losses shall be based upon the current and the measured 
resistance, corrected to 75° C. 

206-7. The no-load core loss, brush friction, armature-bearing friction 
and windage shall be determined as a total under the following conditions — 

In making the test, tlie motor shall be run without gears. The kind 
of brushes and the brush pressure shall be the same as in commercial service. 
With the field separately excited, such a voltage shall be applied to the 
armature terminals as will give the same speed for any given field current 
as is obtained with that field current when operating at normal voltage under 
load. The sum of the losses above-mentioned is equal to the product of the 
counter E.M.F. and the armature current. • 

The no-load core loss is determined from the total losses thus obtained 
by deducting the power rcjquired to drive the motor light at the corresponding 
speeds. (For this test the machine is run as a series motor at low voltage*. 
The product of the counter E.M.F. and the current at any speed shall be the 
sum of the brush friction, armature bearing friction, and windage losses.) 

208. Brush contact loss. A total drop of three volts shall be assumed as 
the standard drop in determining brush contact loss for carbon and graphite 
brushes where no shunts (pigtails) an* attached. Two volts drop shall be* 
allowed where shunts are attaclied. 

209. The stray load losses are given convcsuiional values, as follow — 

Input (% of 1-hour rating) . . 200 150 100 75 50 25 (and under) 

Stray load loss (% of no load core loss) 65 45 30 25 23 22 

400. The losses in gearing and axle bearings for single-reduction, single- 
geared motors varies witli type, mecdianical finish, age, and lulirication. The 
following values, based on accumulated tests, shall b(* used in the comparison 
of single-reduction singl(*-geared motors — 

fnput (% of l-hour rating) . 200 150 100 75 60 50 40 30 25 

Losses («o of input ) . . 3-5 3 0 2-5 2-5 2-7 3*2 4-4 6-7 8-5 

Dieiectric Tesi 

250. Tile standard test- voltage shall be twice the I’ated voltage of th«* 
motor, plus 2000 volts, witli alternating current of commercial frequency. 

252. The test voltage shall be applied continuously for a period of 00 sec. 

255. Higli- voltage tests shall be made at- tlie temperature assumed under 
normal operation, or at tin* tempt'rature at-tained under the conditions of 
commercial testing. 

NOTES ON THE HUITlSir ENOINEEKINC STANDARDS 
ASSOCIATIONS’ SPE(TFI(\ATION FOR THE ELECTRICAL 
PEHFORMAN(’E OF TRACTION MOTORS 

Halinif 

I'he definitions of t in* ons-hOUT and Continuous ratings an* similar to those* 
given on p. ti95, w'ith the additional qualifications : ( I ) the continuous rating 
of a ventilatt*d motor sliall refer to the output at rated voltage; (2) the 
continuous rating of a totally enclosed motor shall refer to the output at 
one-half of the rated voltage ; (8) in the case of field control motors, the ratings 
shall be*associai<‘d wdth a stated condition of excitation and corresponding 
speed. 

Tern penture LimUations 

'riic permissible temperature rise of a motor when tested under c«nditi<^ns 
in ac,cordance with _the rating shall not exceed the limits given in the 
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accompanyiii^i: table. The resistance method of temperatun* nieasui*enjent 
shall always be employed whore possible. 



MothcKl of 
Temperature 
Determination 

Limiting Temperature Rise ” 0. 

Item 

Onc-hour rating 

Continuous rating 


A* 

B* 

A. 1 

B* 

Annatiiru and fiold \viiulin}»s 

Resistance 

Thermometer 

100 

75 

120 

95 

85 

65 

C X 

(’oinmutator 

Thormometer 

90 

85 

CV>rc • # * 

Thermometer 

1-JO 

105 


XoTE. — Tlie above temperature rises are not intended to have reference to 
service. 

Characteristic Curves and Efficiency 

The rated speed and the characteristic speed curve of the motor should 
be corrected to a motor temperature of 75° C. as measured by resistance. 
Tlio rated speeds (at the continuous and one-hour loads) sliall not differ 
from the declared speeds by more than I)er cent. Any statement of 

efficiency shall be based upon direct mcasun'inent and shall be corrected to 
correspond to a motor temperature of 75° C. Unless otherwise stated, the, 
(^lliciency shall be understood as referring to the* motoi* oidy, and shall exclude 
losst's due to gearing. 

Dielectric Test 

The test (r.m.s.) voltage shall be twice the line voltage plus 1,000 volts, 
with a minimum of 2,500 volts, applied for one minute with the motor hot 
(at the conclusion of tlie one-hour test), provided that the insulation resistance 
in megohms is not less than that givcm by the formula — 

Line volts/(1000 + rated output in b.li.x).) 

T'ests on yew Machmes 

These comprise: One-hour and continuous rating ttjsts, a speed test, an 
f)verspeed test (when necessary), and commutation tests. Tlie ovcrspccd test 
is applied when the maximum vehicle speed is declared, the motor being 
run for one minute at a speed 1 0 x>er cent in excess of that corresponding to 
the declared maximum vehicle s|ieed. 

Commutation tests for motors rated at the line voltage include runs of 
1^0 sec. duration in each direction of rotation, (a) at rated voltage with a 
current 100 p('r cent in excess of the rated (1 hr.) current, and maxinnun 
excitation, (6) at 25 per cent above rated voltage w'ith rated (l-hr.) current 
and minimum excitation. 

Commutation tests for motors connected in series include 30-sec. runs (as 
above) at a terminal voltage 50 per cent in exc(*ss of the rated voltage with 
rated (l-hr.) current and maximum excitation. 

Commutation tests for regenerative motors include 30-sec. runs (as above) 
at a terminal voltage 25 t>er c<*nt in excess of the rated voltage with a current 
50 tier cent in excess of the rated (l-hr.) current and an (excitation which gives 
the maximum value for tlu.* ratio (armatun*. currend /field current) within the 
limits for regenerative operation. • 

• S('e note ^ipago 005. 



EXAMPLES 


This collection of examples includes a number of numei-ieal (juesiions set 
at the following examinations — 

University of liondon, B.Sc. Eng.* lleference i.U. 

City and Guilds of liondon Institute, Electrical Engineering (Final Grade). 
Reference C.6r. 

Institution of Electrical Engineers, A.M.T.E.E. Examination. t Reference 

LE.E. 

Ratt.ersea Polytechnic, Final Diploma l^x.aminaiion in El(‘ctri#al Engineer- 
ing. R(;feif;nco B,P. 

The examples have been grouped according to subject-matter. 

I. Train Movement (Chapters II and III) 

1. An electric train runs with an average speed of 22 ml.p.h. The average 
distance between stations is 1 ml., and the train stops 20 sec. at each station. 
What is the effect on the schedule speed of doubling the average speed and 
making the stops 30 sec. ? What is the resulting average schedule speed ? 
(LE.E.) 

[Ana. Sclicdulo sixmkI incrcmHcd 03*0 ]H'r Resulting average schedule spt*ed 

-- 32-linl.p.h.l 

2. Draw a typical speed-time curve for an electric, train for suburban 
service. Stat(i usual values for acceleration and retardation. 

On a certain line, with an average of 1^ ml. between stops, the schedule 
speed is 24 ml.p.h. If the maximum speed attained is 36 ml.p.h., the stops 
20 sec., and the retardation 2 ml.p.h.p.s., find the acceleration rctpiired. 
(C.G.) 

[.4a«. a -- 0*538 ml.p.h.p.s.] 

3. Sketch a typical speed-time curve for an electric train operating on 
suburban service, and give reasons for the shapes of the various portions of 
the curves. What deductions can be made from the speed-time curve ? 

A service of trains is to be run at a schedule speed of 17 ml.p.h. over a 
level route in which the distance between stations is 0-.5 ml. The station stops 
are of 20 sec. duration. Using the simplified (trapezoidal) speed-time curvts 
calculate the acceleration required to run the service, assuming that thci 
braking retardation is 2 ml.p.h.p.s. and that the maximum speed is 30 per 
cent greater than the average speed. (R.P.) 
a — 1*05 inl.]).l».i).s.] 

4. An electric train has a moan running speed from start to stop of 
20 ml.p.h.; it accelerates at 1 ml.p.h.p.s. and brakes at 1*75 ml.p.h.p.s. The 
mean distance between stations is 3000 ft. 

Draw an approximate speed-time curve for the run and estimate the 
energy consumption per ton mile. (l.E,E.) 

f/l/w. Spood-tiine oiirve — 

Time (see.) . . . .0 24*7 88*2 102*3 

Speed (ml.p.h.) . . .0 24*7 24*7 0 

Spc'cific energy output = 48*6 Wli. jx r ton ml., assuming WJW - 1*1, r - 101b. 
IKM* ton.] ® 

* The Engineering Examination Paifers of the University of London are published 
regularly by the University of London Press. 

t Tlio Examination Pa{)ers are published regularly by the Institution of Electrical 
Engineers. 
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5. Distinguish between scliodule speed and average speed. On an elec- 
trified suburban line the distance between two stations is 1*5 ml. Calculate 
the maximum speed to be attained to give a schedule speed of 25ml.p.h. 
if there is a station stop of 25 sec. The acceleration is 1*5 ml.p.h.p.s. and the 
braking is 2 ml.p.h.p.s. (C.ff.) 

\An8, 31*3 ml.p.h.p.s. 1 

0. The draw -bar pull of an electric locomotive hauling a goods train of 
.*120 tons on the level is 1 ton at 20 ml.p.h. What does the pull become on 
a gradient of 1 in 80 in order to keep the speed the same up the grade as 
on the level? (I.E.K.) 

\Ans. a tons.] 

7. An electric train weighing 220 tons (dead w^eight) makes a run on the 
level between two stations 1*2 ml. apart. The initial acceleration is 1*2 
ml.p.h.p.s. and the braking retardation is 2 ml.p.h.p.s. The run is made to a 
trapezoidal speed-time curve and the free-running speed is 20 per cent above 
the average speed. Draw to scale the speed-time curve and calculate the 
power output (a) at the end of the accelerating period, (b) during free-running. 
C.-alculate also (c) the specific energy output for the run. Assume the effective 
weight of train as 10 per cent greater than the dead weight, and the train 
re.sistance at 10 lb. per ton at all speeds. {B,P,) 

Speed-time cur\’e — 

Time (see.) ... 0 30 120 144 

Speed (ml.p.h.) . . 0 30 30 0 

{a) 2290 kW., (b) 158 kW., (r) 52 Wli. per ton ml.] 

8. What is meant by the effective weiglit of a car or train? A traction 
motor weighing 0000 lb., with an armature whicli is 20 in. in diameter weighing 
2200 lb., drive's wheels 44 in. in diameter through 57 : 20 gearing, ("alculate 
approxiniattdy tlie effective weight of the motor. {1,E.E,) 

\Ans. 78001b.] 

9. Calculate the tractive-effort necessary for the angular ac(;eleration of 
the armature of a motor geared to .*10 in. driving wheels (the gear ratio being 
4*43:1) when the linear acceleration of the latter is 1*2 ml.p.h.p.s. Weight 
of armature, 1050 lb. ; diameter of armature, 17*5 in. 

[Ans. 207 1b.J 

10. An electric train consi.sts of ?i motor coaches, each weighing Wi tons, 
and rn motor coaches, each weighing tons. Each motor coach is equipped 
with p geared motors, the armatures of w'hich weigh TVa tons each, the gear 
ratio being y. All wheels are of the same diamc'ter and weight. Deduce 
expressions for (a) the accelerating weight of tliis train, (b) the accelerating 
tractive effort on level track, (r) the acceh*rating tractive effort on gradients. 
{B.P.) 

11. Calculate the effective weight of the six-coach train of which data 
follow - 

Compoaition of train, — 2 motor coaches, 4 trailer coaches. 

Motor coaches, — Weight, 27*5 tons. Equipment: one 4-wheel motor truck 
with 30 in. wheels and two 200-h.p. motors, gear ratio 3*2:1 ; one 4 -wheel 
trailer truck with 30 in. wheels. Diameter of armatures, 18*5 in. Weight of 
armatures, 18001b. each. * 

Trailer coaches, — Weight, 16*2 tons. Equqiment : two 4-wheel trucks with 
30-in. wheels. f 

Weight of wheels: 36 in., 900 lb. each: 30 in., 650 lb. each. {B,P,) 

[Ana. 1.33 tons.] 
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12. Tho following data refer to the speed-time curve of an electric train 
for the run on level track between two stations on a suburban railway — 

Time (sec.) .0 IS 20 22 2S 2:i 2S ()2-0 70 

Si>eed (ml.p.h.) . 0 lS-7 20-0 22 20 28-2 20 27 1 0 

Determine the energy output, in kWh., from tlie driving axles for the 

rim. Determine also the energy output per ton mile. 

The dead weight of tlie train is 150 tons, and the effective weight is 
166 tons. Train resistance may be assumed at a constant value of 10 1b. 
per ton. (B,P,) 

[.4ns. 4-05 kWh. ; 71-2 Wh. pc'r ton ml.] 

II.— Motohs (Chai»tkrs 1\-VII) * 

1. What specjd-torciue characteristics are desirfible for traction motors 
operating suburban services, and what electrical characteristics are desirable 
when the axles of a car or coach are to be driven by separate motors operating 
in parallel? {B.P.) 

2. What are the outstanding construc'tional features in a typical direct- 
current railway motor? Explain \vhy these features are necessary in a 
railway motor and are not usually found in an industrial motor, (live sketches 
showing longitudinal and cross-sectional views of a railway motor. {B.P,) 

3. The armature of a 40 b.h.p. traction motor has 41 slots and about 
1000 conductors. Find a suitable winding pitch and show the arrangement 
of the conductors in tlie slots. How many segments should be employed if 
the commutator has a diameter of 1 1 in.? {L.U.) 

f.4/w. Numlior of commutator segments - 122 (i.e. 2 segments per slot). Xumbor 
of conductors -- 984 (i.e. 24 per slot, arranged 2 X 8). Turns per coil 4. Winding 
pitch - 61 coil-sides (each coil -.side consists of four conductors). Slot pitch — 10 
slots (i.e. coil-sides Xos. 1 and 62, Ix'longing to coil No. 1, occupy slots Nos. 1 and 
1 1 rt^spectively). | 

4. The 500- volt motors on a tramcar have resistances of 0-3 olim and 
0-2 ohm for field and armature respectively. \\’lien running in full parallel, 
at an efficiency of 88 per cent and at 600 r.p.m,, each develops a torque of 
180 lb. -ft. Determine the percentage weakening of the field required to 
increase the speed to 720 r.p.m., the torque remaining unchanged. {L.U.) 

[i'latf. 8*7 per cent.] 

5. A tw'o-axle tramcar is equipped with two standard d.e. series motors. 
If the wheels on one axle w^ear much quicker than those on the other axles 
how would the motors share the load (a) in series, (6) in parallel? 

If, in addition, the motor driving the smaller wdieels had a speed charac- 
teristic sliglitly higlier than that of the other motor, how would this affect 
the sharing of the load? State full re^asons for tlie answers given. (I.E.E.) 

6. The following motor characteristic is based on a wdieel diameter of 
36 in. — 


Current (amp.) . 

SO 

160 

240 

220 

40(> 

Tractive effort (Ib.) 

460 

1350 

2470 

2700 

4950 

Sp(‘ed (ml.p.li.) 

52 

24-5 

28-8 

25*5 

23-2 


A mote^r bogie is fittecl with two of these motel's, one pair of wheels being 
36 in. in diameter and th<i other pair 35 in. The iiiotoi*s are operate<l on the 
series- paraUel system. Suppose the tractive effort at the 36-in. wheels is 
30001b., wliat will be the cunvnt and tractive effort of the ofhei* mott)r (a) in 
full series, and (5) in full parallel? {T.Jf.E.) 

[AnM. («) 277 A., 2925 lb. ; (b) 259 A., 2675 Ib. \ 

7. The motor-coach of an electric train is equipped w’ith tw'o geared 
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motors iiaving characteristics at 776 V. and for 42 in. driving wheels, as 
follow — 


Amperes input per motor 

250 

200 

150 

100 

Speed of car (ml.p.h.) . 

20*2 

22 

24-7 

32*2 

Tractive effort (lb.) 

4200 

3100 

2065 

1005 

Efficiency (per cent) . 

87*5 

88 

87*7 

83*5 


The diameters of the driving wheels connected to one motor (A ) are 42 in. 
and those connected to the other motor (J7) 40 in. When the motors are 
operating in parallel at a train speed of 24 ml.p.h., determine (a) the power 
input to each motor, (h) the tractive eitort, and (c) output at each pair of 
driving wheels. 

Determine also the corresponding quantities for series operation when 
the current* input is 1 50 A. The resistance of each motor is 0*15 ohm. (B,P,) 

\Ana. Parallel operation: (a) 124 kW. (.4), 112-4 kW. (7?); (b) 22701b. (A), 
20501b. (iJ); (r) 109 kW. (A), 98-4 kW (71). Series operation: (a) 66*8 kW. (A), 
59*5 kW. (B) ; (b) 2065 lb. (A), 2170 lb. (Zf) ; (r) 48-.3 kW. (A ), 50*7 kW. (B). Note- - 
Train speed for series operation (150 A.) — 11*69 ml.p.h.] 

8. Discuss the general advantages and disadvantages of tapped or shunted 
field operation of d.c. traction motors. A motor has characteristics as follow — 

Amperes . . . .300 250 200 150 100 

Tractive effort (I b.) . . 3250 2500 1780 1100 500 

Deduce the corresponding characteristics for the motor with one-third of 
its exciting field cut out. {LE.E.) 

[Alia. Amperes . . . .300 2,50 200 150 100 

Tractive effort (lb.) . 2670 1975 1320 750 3.30 

Hint — Calculate the tractive effort per amjjere (-■- A;(I)) and plot against exciting 
current. Thence determine ^<1> for the exciting currents with the lapped field 
winding. The tractive efforts are then obtainecl by multiplying the appropriate 
values of by the corresponding armature currents.] 

9. What is the effect on its service performance of shunting the field of 
a seri(;s traction motor? What arc the relative advantages of shunting and 
tapping the field ? 

The characteristics of a motor are given in Example V, 9. Draw the 
new characteristics with the field shunted 30 per cent. (I.E.E.) 

[yl Amperes . . . 80 160 240 320 400 

Tractive effort (lb.) . . 272 1040 2080 .3200 4370 

Sjjeed (ml.p.h.) . . 82-3 44*8 .34-2 29-5 26-3 1 

10. What type of alternating-current motor is employed for single-phase 
electric traction? Discuss briefly the principal features in the construction 
of this motor, and show how good commutation and a high power factor arc 
obtained. Draw a vector diagram for the motor. (B.P.) 

11. Two locomotives, equipped with lC§-cycle, 3-phase induction motors, 
are hauling a train. The rated output of each locomotive is 1000 h.p., at 
which th(! slip is 4 per cent. One locomotive has new wheels of 1*5 M. dia- 
meter, and the other has wheels with 1*5 cm. radial wear. Estimate the 
distribution of load between the locomotives when the track conditions 
demand total outputs of (a) 2000 h.p., (6) 1000 h.p., (c) 100 h.p. How could 
a more equal distribution be obtained? (I,E.E.) 

[Ana. {a) 11.30, 870; (b) 620, 380; (r) 180, - M) h.p.] 

12. The cold resistance of the main fields of a motor is 0*0131 ohm, 
measured at an air temperature of 12° C., and the hot resistance is 0*0520 
(ihm measured at an air temperature of|7° C. What is the temperature rise? 
The resistance coefficient is 1/234*5 at 0° C. (I.E.E.) 

[Ana. 82® C. Hint -Bg - B0(1 + 0/234-5)] 
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13. What Is meant by the one-hour rating and the continuous rating of a 
traction motor? Of what use are these ratings in deciding if a motor is 
adequate for a given service? The cold resistance of the armature winding 
of a traction motor is 0*04885 ohm at 7® C. The resistance at the end of the 
one-hour test is 0*0708 ohm, the air temperature being 15° 0. What is the 
rise in temperature of the armature winding? The resistance coefficient is 
1/234*5 at 0° C. (I,E.E.) 

[Ana, 100° C.] 

14. Give the fundamental principles of two types of tooth form used for 
traction motor gearing. 

A traction motor is designed with a pinion having 14 teeth and a gear 
wheel having 70 teeth, the diametrical pitch being 2J. What are the diameters 
of the pitch circles of pinion and gear wheel ? Also what woul(^ be the gear 
ratio if the number of teeth in the pinion were changed to 17, the gear centres 
and the diametrical pitch remaining the same? (I.E.E,) 

[Ana. 5*6^ 28^ 3*94:1.] 

15. Describe with sketches the application of roller bearings to the 
armature of a traction motor. What are the advantages and disadvantages 
of these bearings compared with ordinary sleeve bearings? (T.E,E.) 

Ill — Control (CHAirrKRS VIlI-XIl) 

1. Explain the series-parallel system of control as applied to electric 
traction. Neglecting the resistances of the motors, show that, with constant 
motor current and constant line voltage, the rheostat losses during starting 
two motors on the series-parallel system are one-half of those when the motors 
are started on the rheostatic system (i.e. botli motors in parallel throughout 
the starting period). 

Explain the various methods of transition from series to paralhd, and 
mention the suitability of these methods for (a) tramway service, (6) suburban 
railway service with motor-coach trains. (B.P,) 

2. What are the advantages of the series-parallel system of control as 
applied to electric traction by means of direct currtmts? Give diagi*ams 
showing the connections made at eacli step during starting and braking. 
Show by a diagram what is the saving in energy secured by this method 
during starting. What further .saving can be .secured by u.sing four motors 
instead of two ? ( L. U.) 

3. Show by diagnuiis how the motoi*s on a tramcar are connected during 
{a) starting, (6) running, (r) electric braking. Describe how the retardation 
during electric braking is controlled, and exi)lain what x)rovision is usually 
made in the control svstc?m to pi*event a car running backwards downhill. 
{B,P,) 

4. Some tramway companies are changing from the ordinary drum-type 
controller to a hand-operated cam controller. Give reasons for this. Describe 
briefly a hand-operated cam controller for tramway use. (T,E,E,) 

5. A car driven by two direct-current series motors is taking 58 A. from 
a 500-V. line with the motors in full series. The motors arc switched into 
X^arallel through a resistance ; calculate t lu' value of this resistance in order 
that the transition may be effected without shock. The total resistance of 
each motor is 0*5 ohm. 

In the control of heavy direct-current traction motore, what modification 
of the n]ft>dc of transition from series to parallel is necessary as compared 
with the methods used for tramway motors? Explain why this modification 
is required, and how it is c^irried #ut in practice. Give a diagram of con- 
nections. (L.U.) 

[Am, 4*0(5 ohms. | 
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6. Describe a luethod of determining the number of notches required 
in a multiple unit equipment. 

On a motor-coach there are two motors : the resistance of each motor is 
0*15 ohm, the maximum permissible starting current per motor is 400 A., 
and the average current is 350 A. Assuming the voltage is constant at 600 V. 
during starting, and that for the range considered the flux is proportional 
to the fourtli root of the current, what are the values of the resistances 
required for the first and second notches in series? {I,E.E,) 

[Antt. Resistunco of rheostats for first notch 1-2 ohm 
,, ,, s<‘,cond ,, 0-8 ohm] 

7. What sliould b(i the special characteristics of rluiostats for starting 
d.c. electric goods locomotives? 

Tt is d^jsired to arrange for starting a certain locomotive and train so 
that the tractive elTort is within given limits. At the upper limit the speed 
of the locomotive with motors in full series is 6*8 rnl.p.h., and the resistance 
drop in the motor is 12 per cent of its terminal voltage. At the lower limit 
the speed is 7*1 rnl.p.h., and the resistance drop 10 per cent of the terminal 
voltage. ITow many scries nottjhes are necessary in the control? {I,E.E.) 

[Ana. 10. Hint — Use equation (vii), p. 259. Notk -A 0*85, y 0*833, 
elV -- 0*12, C- 10.] 

8. Determine the magnitudes of the rt»sistances for the series notches of 
a tramcar controller to control two 40-h.p., 500-^^ motors. The (hot) 
resistance of each motor is 0*65 tdini ; the currciut limits during acceleration 
arc 88 and 00 A.; and tlu' speetls of tlui car corresponding to these currents 
are 8*7 and 10-2 rnl.p.h., resp<ictivelv, with normal voltage on each motor. 
{B.P.) 

[.4/15. /»*, - 1*03 ohms; - 1*43 ohms; 1*02 ohms.] 

9. Calculate the resistances of the series sections of tin* starting rheostat 
for the s'M'ies-parallel control of two railway motors having characteristics 
as given in l^xample V, 13, the number of steps in the series portion of the 
controller being five. 3"he init ial starting current is 300 A., and the upper 
and lower limits of curnint during .starting are 3t50 A. and 253 A. respectively. 
The resistance of each motor is 0*1 ohm. {B.P.) 

\Ans. 0-538;/f., 0*435 ; /f 3 - i? 0*353. ^ R^ 0*286ohin.] 

10. (Calculate tlie resi.stances of the .sections of the starting rheostats 
for the series-parallel control of two 225 h.p., 000-V., direct -current traction 
motors. The motor controller is arranged for automatic notching; there are 
five series and four paralhd steps, and bridge transition is employed. The 
initial starting current is 300 A. Tlu^ upper limit of current is 348*7 A. for 
the scries steps and 32t) A. for the parallel steps. ^J"he lower limit of current 
on all steps is 251*3 A. Mach motor has a resistance of 0*12 ohm, and the 
speeds (at 600 V.) corresponding to tlu* currents 318*7, 326, and 251*3 A. 
are 17*9, 18*4, and 20*5 rnl.p.h. 

[.4ns. Calculated resistances of .sections (iH*r nuAor) t^eriva : R^-R^, 0*2955, 
R^-R^ 0*238, R^-Rx " 0*912, R^~R^ - 0 1545ohrn. Rarallvl . R R^y, ~ 0*32, 
Etn ~ - 0*269, /?3 - R^ 0*22‘» ohm. Xotk - A complete .solution is given in 

Journ. I.E.K., V'ol. 6(i, p. SSL] 

11. What are the conditions whicli determine tliat d.c. series traction 
motors will act as generators and thus provide a rheostatic brake? 

Discuss briefly the effect of (a) the direction of residual magnetism, (b) the 
speed, and (c) the value of resistance in circuit. lllu.strato witlf' diagrams. 
{f.E.E.) 

12. (live diagrams and explain ho\#*tlic motors and magnetic brakes on 
a tramcar are connected for electric braking. How is the braking effect 
controlled, and how is skidding of the wheels preventec} when braking the 
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car at high speeds? Explain carefully what changes in the connections of 
the motors are made when the controller drum is moved from the first power 
position to the first brake position. (B.P.) 

13. A d.c. series motor is to be used for rheostatic braking on a tramcar. 
With the field separately excited on test, the open-circuit voltage across the 
armature at a speed corresponding to 15 ml.p.h. was ~ 

► Field amperes ... 10 20 40 60 80 

Armature voUs . .145 280 500 G30 700 

When the machine is being used for braking on the tramcar, what external 
resistance would have to be put in the motor circuit to obtain a current of 
70 A. at a speed of 10 ml.p.h.? The resistance of the motor armature and 
field windings can be neglected. 

What would be expected to Iiappen if a resistance of 25 ohmfl were put 
• in the motd^ circuit when the car was running at 15 ml.p.h. {l.E.E,) 

[Ana. 6*32 ohms. Machines woiiltl not (»xei<e.] 

14. A motor having a resistance of 0-10 ohm and characteristics at 675 V. 
as given in Example 11, 6, is used for rheostatic braking. Omitting resistance 
losses, the efficiency of the machine may be taken as 92 per cent. It is 
required to obtain a bi-aking clTort at the wheel treads of 3000 lb. at a speed 
of 30 ml.p.h. What (uirrent and voltage will be generated, and what will be 
the necessary external resistance. {l.E.E.) 

[Ana. Current 243 A. Terminal vofiage 625 A. External resistance = 2-57 
ohm.] 

15. Compare the iiuithods in general use for controlling the speed of 
electric trains equipped with (a) direct-c.urrent motors, (h) single-phase motors. 
Draw diagrams showing the iirincipal niain-circuil c;onnections for two 
typical cases. 

16. Describe tlie methods of regenerative control met with in direct- 
current and in alternating-current traction, and criticize their advantages and 
disadvantages. Illustrate your answer bv suitable diagrams of connections. 
(L.U.) 

17. Exphiin, with sketches, the method of operating a railway train by 
three-phase induction motors working with “ cascade ” connections, and 
describe the gear which is used for starting. What are the chief objections 
to this system ? (C,G.) 

18. A car, driven by a three-phase inciuction motor, ascends a gradient 
of I in 10 at a speed of 8 ml.p.h. The frictional resistances are equivalent to 
a gradient of 1 in 50. The motor on no load and normal voltage has a power 
factor of 0-15 and at standstill a power factor of 0*25. Tlie standstill current 
is 30 times the no-load current, and the current taken under the given con- 
ditions of running is four times the no-load current. At what speed will the 
car run with the same current on a “ down ” gradient, and what is the value 
of this gradient? {L,U.) 

[Ana. 8‘28 ml.p.h. Down gradiemt: 14*5 per cent or I in 6-S). Hint.— D raw 
circle diagram. Assume I^R losst^s at standstill to be equally divided Ixitwcen stator 
and rotor. Determine slips as motor and generator, sj)eed as generator, and ratio : 
(output as motor/input as generator). Equate given conditions.] 

IV. — RoTiLiNQ Stock and Locomotives (Chapters XIIl-XVII) 

1. Sketch and describe one good form of magnetic track brake for use 
on a tramwmy, and show how it is energized. Calculate the vertical pull and 
estimate the horizontal drag exerted if the area of each pole is 5 sq. in. and 
in which the iron is magnetized to i 0. induction density of 18,000 C.G.S. 
units. (L. U.) 

[Ana. Vertical pull 0*83 ton. Horizontal drag (assuming coefficient of fric- 
tion = 0*25) = 0*208 ton.] 

23— (5043) 
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2. A four-wheel trainear lias 32 in. wlieels on a 6 ft. 6 in. wheel base. 
The weight of the loaded car is 14 tons, tlie mass-centre being 3 ft. above 
the axle centres. Estimate tlie maxiimim acceleration which can be obtained 
without slip of the front wheels. Coefficient of adhesion, 0*1 5. Neglect 
tractive resistance and gradient. (J.E.E,) 

[Auft. a ---- 2-5 ml.p.h.p.s.] 

3. What is the effect on the weight distribution on a motor bogie of the * 
thrust on the bogie centre caused by the motors or by braking ? A bogie has 
a wheel base of 7 ft., and the height of the bogie centre above the rail is 3 ft. 

6 in. The total weight on the wheels is 25 tons, and the horizontal thrust at 
the bogie centre due to the motors is 5 tons. Cyalculati* the approximate 
loads on Wie two axles, stating the assumptions made. {I,E,E,) 

[^l/j«. 7*5 tons, 17*5 tons.] c ^ 

4. What is meant by tlie adhesive weight of a locomotive? A locomotive 
weighs 120 tons, of which 80 tons is adhesivti weight. What maximum 
trailing load will this locomotive haul at a st(*ady speed up a 1 per cent 
gradient, assuming a track resistance of 101b. per ton. {T,E,E.) 

[.4/t.s. 98(i tons assuming roollicienl of adhesion -- 20 per cent.] 

6. The coefficient of adln^sion for an eleetricj locomotive is 0*2.5. A loco- 
motive is required to start a trailing load of 000 tons up a gradient of I per 
cent with an acceleration of 0*2 ml.p.h.p.s., the track resistance is 10 lb. per 
ton and the ratio of effective weight to dead weight of the whole train is^ 
1*1:1. What is the minimum adhesive weight required on the locomotive? 

05 tons. Notk- - Weight of locomotive assumed to ])e 05 tons.] 

6. An electric locomotive tun ploying geared axle-mount(jd d.c. motors is 
required to work goods trains of maximum trailing weight 500 tons on a 
ruling gradient of 1 in 35, and the wedght ptu* axk^ is hunted to 20 tons. 
Assuming that it is deemed necessary to keep within an adhesive liniit of 
25 per cent of the weight on drivers, what number of driving axles shoidd 
be used and what minimum weight should they carry? (I.E.E.) 

[Ans. 4 driving axles ; lO-Iitons. ) 

7. What methods are employed to obtain a number of eilicient running 
speeds in (1) a direct-current locomotive; (2) a single-phase locomotive; 
(3) a three-phase locomotive? 

Give explanatory diagrams of connections and sketch typical speed - 
torque curves for each case. 

8. What methods arc adopted for transmitting the power from the 
motors to the driving axhis in the case of largo single-phase locomotives 
equipped with two nu)tors only? Sketch one good arrangement for such 
transmission. (L. U.) 

9. Discuss the relative merit s of high-pressure single-phase and moderate- 
pressure continuous-current locomotives for main linens, paying particular 
attention to the following points: (a) weight of locomotive per h.p., (6) regu- 
lation of speed and tractive effort, (c) efficiency, (d) simplicity of design and 
operation. (C,G,) 

10. A train is composed of two motor coaches and one trailer coach. On 
each motor coach is a motor-generator set giving a low tension supply for 
lighting. It is necessary to be able (a) to light all the train from gither motor- 
generator set, and (6) to light each motor coach from its own set and the 
trailer from either set at the same|time. Under these circumstances the 
switching arrangements must be suen that the motor-generator sets cannot 
be connected in parallel. Draw a diagram of connections showing how this 
can be done. (I.E.E.) 
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11. State the advantages of a low-step tramcar and explain what effect 
this type of car has had on traction motor design. 

The maximum safe speed of the armature of a motor is 8000 ft. per min., 
measured on the periphery, the number of teeth in the gear wheel is 70, 
and in the pinion 14; the armature diameter is 14 in., and the diameter of 
the car wheel is .33 in. To what maximum speed is tiie car limited by the 
armature ? (I,E. E , ) 

{^Ana, 42*8ml.p.h.l 


V. — Service Characteristics, Speed-Time Curves and Energy 
Consumption (Chapters XVII I and XIX) 

1. On a suburban railway the stations are approximately Tialf a mile 
apart and|Hier train weight is 200 tons. Enumerate the several factors which 
limit the maximum number of trains per hour. Discuss f.he cases where the 
railway operates (1) between two terminal stations, (2) on a continuous loop 
without terminal stations. 

Explain precisely the manner in which tlie above factors affect these 
cases and the extent to which (economic and traffic conditions are involved. 
(LM.) 

2. Wliat considerations determine the size of motor and the number of 
motors for an electric train operating on a suburban railway, full details of 
the service and the approximate weight of the train being known? What 
calculations and what factory tests sliould be made to ascertain if a given 
motor is suitable for a given service? (L,U,) 

3. Describe briefly the considerations which fix (a) the horse-power, 
(6) the gear ratio of a motor for an electric train. What are the consequences 
of an unsuitable gear ratio? (T,E,E,) 

4. A 15-ton car, driven by two series motors in parallel, takes 120 A. 
from a 500-V. line in ascending a gradient of 1 in 15 at a spewed of 10 ml.p.h. 
The gear ratio is 4*73:1. If this ratio be changed to 5-25:1, find the speed 
of the car and the current taken when ascending the same gradient. The 
resistance to traction is 20 lb. per ton, and it c:an be assumed that, over the 
required range, the speed of the motor is inversely proportional to the 
current taken. (L.U,) 

[Ana. 9*40 ml.p.h. ; 114-5 A. J 

5. Two direct-current motors, each rated at JO h.p., are driving a car 
weighing 16 tons at 12 ml.p.h. up a gradient of 1 in 40. The tractive resistance 
is 15 lb. per ton. The resistance of each armature is 0*3 ohm, and that of the 
field coils of each motor is 0-15 ohm. The motors being in full parallel, and 
the line pressure 550 V., find the current per motor. The overall efficiency is 
75 per cent. 

The controller is moved to a tap-field point cutting out 25 per cent of 
the field turns. Find the alteration in the steady current and speed on the 
same gradient. Assume that the flux per pole is proportional to the current 
in the field windings. {L.U.) 

[Ana. Current increases from 60 A. to 76-2 A. ; speed increases to 13*85 ml.p.li.] 

6. An electric train weighing 300 tons is equipped with 8 motors. If the 
acceleration is maintained constant, calculate the necessary torque which 
each motor armature must exert for the train to reach a speed of 35 ml.p.h. 
in 25 sec. ^hen starting on an up grade of 1*5 per cent. The diameter of the 
driving wheels is 30 in., the single gearing has a ratio of 3*36, with an efficiency 
of 78 per cent, and the resistance t% traction averages 15 lb. per ton. An 
allowance of 10 per cent should be made for rotational inertia. {C.G.) 

[Ana. 44161b..ft.] 



708 


EXAMPLES 


7. A tramcar weigliing 15 tons is equipped with two motors having the 
following characteristics — 


Amperes per motor 80 

70 

60 

60 

40 

30 

20 

Speed of car (ml.p.h. ) 9 

9*5 

10*3 

11*6 

13-2 

16*2 

21 

Tractive effort (lb. ) 1 850 

1550 

1260 

940 

660 

400 

200 


What is the maximum schedule speed of the car when operating on level 
track with eight stops per mile, the duration of each stop being 8 sec. ? The 
initial, or rheostatic, acceleration and the braking retardation are to be 
1*5 ml.p.h.p.s., and there is no coasting period. The tractive resistance may 
be assumed to be 25 lb. per ton at all speeds, and the inertia of the rotating 
parts may bo assumed to be equivalent to 10 per cent of the dead weight. 
(X.^7.) 

[Ann. 9-7*5 ml.p.h.] 

8. An electric train weighs 150 tons and has four motors. The gear ratio 
is 4-7, with an cfilciency of 75 per cent, the diameter of the car wheels being 
30 in. With the maximum ijerrnissible stai*ting current, eacli motor exerts 
an armature torque of 2200 Ib.-ft. Assuming that the train accelerates 
uniformly, find the time taken to reach a speed of 30 ml.p.h. when starting 
on an up-grade of 1 in 100. Allow 10 per cent for rotational inertia and a 
tractive resistance of 20 lb. per ton. 

Ordinary series- parallel control is used. What j)ercentage of the input to 
the motors is wasted in the controller resistances during starting? (C.G,) 

[Ana. 27*4 sec. 1 

9. A train weighing 120 tons is fitted with four motors each having a 
one-hour rating c'f 252 A. and the following characteristics on the line 
voltage of 675 — 


(Current (amp.) 

80 

160 

240 

320 

400 

Tractive effort (lb.) . 

400 

13,50 

2470 

3700 

4950 

Speed (ml.p.h.) 

63 

34-5 

28-8 

25-5 

23*2 

Assume an average current of 

35 

pt»r cent 

above 

the one-hour rating 


during the rheostatic period, a track resistance of 101b, per ton, and braking 
at 2 ml.p.h.p.s. 

(a) What is the minimum time in whicli an average section of 0*75 ml. 
can be accomplished ? 

(b) Draw in the speed-time curve for an average running speed of 24*5 
ml.p.h. (I.E,E.) 

[Anti, (a) 99 see. 

(5) Tirno (see.) . 0 22-9 26-3 .33-3 44-7 47 96-2 112 

Speed (ml.]).h.). 0 24-9 28 32 36 37 31-8 0 

Note — Appamnt train ro.sislanc<j <liiring coasting assumed at 12 lb. per ton.] 

10. A train has a total weight of 308 tons and is equipped with 8 motors, 
each of 300 h.p. The characteristics of the motor are — 


Current (amp.) 

100 

200 

300 

400 

500 

Speed (ml.p.h.) 

65 

,36-5 

29-8 

26-5 

24-7 

Tractive effort (lb.) . 

330 

1450 

2740 

4100 

6460 


The ratio of effective weight to the dead weiglit of the train is 1*1 ;1. The 
mean accelerating current is 415 A. per motor. The braking retardation is 
1*75 ml.p.h.p.s., and the train resistance can be assumed as 101b. per ton 
throughout the run. Draw the speed-time curve for a run on the level of 
1*1 ml. to be made in 152 sec. Calculate the r.m.s. current per mc^or for the 
run. (I.E.E,) 

[Ana. Speed-time curve — (t 

Speed (ml.p.h.) 0 26*2 28-5 32 35 36*3 27*5 0 

Time (sec.) . 0 29*3 32*3 38-9 47*3 62 16-3 162 

R.m.s. feurrent per motor — 217 A.] 
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11. A train driven by d.c. motors and using series-parallel control is 
accelerated to a speed of 20 ml.p.h. in 25 sec., with a tractive effort of 3000 lb. 
per motor. Determine the ai)proximate energy, in kWh., lost in the starting 
rheostats of each pair of motors, at each acceleration. {I,E.E.) 

[Atw. 0*417.] 

12. A 200-ton multiple-unit train has eight motors, each taking an 
, average current during notching of 400 A. and developing a gross tractive 

effort of 3500 lb. Series-parallel control is used, the final voltage across each 
motor being 550 V. when the speed is 24 ml.p.h. The resistance of each 
motor is 0*1375 ohm. If the train accelerates on lev(*l tangent track against 
a constant tractive resistance of 10 lb. per ton, find for each motor (a) the 
energy lost in the starting rheo.stat; (b) the motor heating loss; and (c) the 
output. (infilffding friction, etc.). Estimate also (d) the speed at wliich transi- 
tion is made from series to paralhd connection, and (c) the total accelerating 
time. Allow 10 per cent for tlie additional inertia of rotating parts. {I,E,E,) 

[Ana. (a) 1037 kW. sec., (h) 220 W., (r) lOSkVV. (max.), (d) 10 55 ml.p.h., 
(r.) 20-7 sec.] 

13. A six-coach electric train, consi.sting of two motor coaches and four 
trailers, operates on an underground tube railway at a schedule speed of 
15 ml.p.h. with stops of 15 sec. dur.alion. Calculate tlie speed-time curve 
and energy consumption of this train for a run betwefm two stations 0*38 ml. 
apart, assuming the train to be siii)pli(*d at a constant voltage of 550 V. 
and the track to be level and straight. 

The weight of train with pas.scngcrs is 138*5 tons and the effective weight 
is 151*7 tons. Each motor coach is equipped with two 200-h.p., 550-V. 
motors, which are geared to 36-in. wheels, tlie g(‘ar ratio being 3*37 : 1. The 
characteristics of tlie motors at 550 V. are — 

Ampeivs . . 350 300 250 200 150 100 

Speed (ml.p.h.) 17*5 18*7 201 22*0 27*5 37*4 

Tractive effort (lb.) 4850 3910 30.30 2140 1320 590 

' The average accelerating current per motor is 300 A., t he braking retarda- 
tion is 2 inl.p.li.p.s., the train resistancuj may be assumed at 8 lb. per ton for 
all speeds, and the apparent train resistance during coasting may^ be assumed 
at 11*3 lb. per ton. 

[Ana. Speed -time curve- - 

Time (sec.) . 0 19-6 23-2 20*2 32-5* f)5 lt 76*2 

Speed (ml.p.h.) . 0 18*7 21-3 22-9 25*5 22*2 0 

Energy consumption — 82*6 watt hours p<*r tun mile.] 

14. Under actual service conditions the train of the prc^ceding example 
operates on a graded straight track with stations at tlie same level. The 
profile of the track between centres of station platforms, in the direction of 
running, is as follows — 

210ft. level; 210ft. 1 in 30 down; 870ft. level; 480 ft. 1 in 60 up; 
210 ft. level. 

Calculate the speed-time curve and energy consumption of the train for 
the actual running conditions, assuming data as above. 

[Ana. Spood-time curve — 

Time (sec.) . 18 20 23*1 28*5* 43*2 53*2 68*9 67*2t 76*2 

Speed (ml.p.h.) 18*7 21*1 24 ^7*1 25*0 22*9 20*4 18 0 

Energy consumption — 71*8 watt hours piu* ton mile. | 


• Power off. 


•f Brakes applied. 
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VI. — Trackwork and Overhead (Construction (Chapters XXIII-XXV) 

1. Sketch and describe a good method for supporting a conductor rail in 
the case of a direct-current traction system, and indicate its position relative 
to the running rails. State approximately the electrical conductivity of each 
of the above types of rail, and the weiglit in lb. per yard run. (L.U.) 

2. Explain what is meant by super-elevation. What is the correct value 
for a train travelling at SO ml.p.h. on a curve of 500 ft. radius on standard- 
gauge track? If there were no super-elevation, and the height of the centre 
of gravity were 5 ft., what would be the ratio of the pressures on the two 
rails? {I.E.E,) 

\Ah8. l-4r, 1-675: Ij 

S. What considerations determine the permissible sag to be given to a 
trolley wire for an electric tramway? (,’alciilate the sag to Do ,dven to a 
trolley wire 0*1 in. in diameter and weighing 0*484 lb. per ft. when erected, 
with a span of 120 ft., if the stress in tlui wire when erected is 9000 lb. per 
sq. in. {B,P,) 

[Ans, 9*25^] 

4. The stress in a trolley wire having an area of 0*109 sq. in. is not to 
exceed 90001b. per sq. in. when erected in a span of 120 ft. Calculate the 
tension that must be allowed, and the residting sag. 

Sketch clearly a method of supixu-ting the wires of a double trolley-bus 
line round a sharp right-angle bend, without the use of centre poles. {I,E.E.) 

[Ana. 0801b., 0*25".J 

5. Make sketches of the constructional details for one span of the over- 
head structure of a single-i)hasc railway in which catenary suspension is used. 
Show how thes(! details are modified in the case of a curved track. Specify 
clearly the materials used for the principal parts and the*, reasons for their 
selection. (L,U.) 

6. In a single-catenary construction therci is a catenary wire and a trolley 
wire supported at intervals by droppers. Develop an equation giving the 
minimum permissible sag in the catemary for a given tension in the catenary 
wire. (I.K.E.) 

7. In a catenary system ( he catenary wire is steel w’ith a maximum per- 
missible tension of 1000 kg. I’fie w<;ight of the catenary wire is 1 kg. per 
metre run, the weight of the trolley wire is 1*5 kg. per metre run, and the 
allowance for droiipers and fittings is 20 i)<*r cent of the trolley W'ire weight. 
If the span is 80 metres, what is the minimum sag of the catenaijy ? {I.E.E, ) 

[Ana. 2*24 motres.J 

8. On an overhead catenary construction with a span of 300 ft. the 
tension in the catenary wire is 2000 lb, and the sag is 10 ft. With the same 
weight per foot run, but the span reduced to 280 ft., wdiat would be (a) the 
sag w'ith the same tension, (6) the tension with the same sag? (I.E.E.) 

[Ana. («)8*72ft. (6) 1745 lb.] 

VII. — ^Feeding and Distributing Systems (Chapter XXVI) 

1. What are the chief Regulations relating to the supply of power from 
a central power station to electric tramways? Show how these regulations 
affect the design of the feeders and distributors for a tramway system with 
overhead trolley wires and track return. Make a diagram of the negative 
feeders for such a tramway system ^applied direct from a central power 
station. (B.P,) 

2. Discuss the causes of electrolytic corrosion of pipes arising from stray 
cuiT^nts from a traction system in a large town. Wliat precautions should 
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be adopted to minimize corrosion (a) in matters relating to the pipes, (&) in 
matters relating to the traction system. Show how a negative booster should 
be connected and operated to reduce stray currents. (C.G.) 

3. Describe a negative booster for use on a traction system. The resistance 
of the track rails on a railway is 0-1 ohm per ml., and the normal return 
current is 500 A. What size of copper feeder would be used in parallel with 
the rails if the voltage drop is limited to 10 V. p<»r ml., the resistance of 
copper being 0*75 microhm per in. cube. (I.E.E.) 

\^Am. l*9sq. in.] 

4. A traction system employs the running rails as return conductors. 
Describe measures and precautions that may be re(piired to keej^the voltage 
drop witliin reasonable limits. 

It is iiRjprtsed to take a current of 750 A. from the track, at a point 
2000 yd. from the nearest subslation, and to use a cable of 0-8 sq. in. cross 
secl.ipn. Make a sketch of the booster connections and determine the capacity 
of tne boostcu*. Resistance of coi)per 0-75 microhms per in. cube. {I,E,E.) 

[AthH. Booster oiilput (assuming feeding point to lx‘ at same f>ote‘ntia1 as nega- 
tive bus-bar) = 38 k\V'. Connections- -see Kig. 454.] 

5. In an overhead trc^lley construc.tion there are two tracks arranged in 
paralh'l electrically. Each overhcfid liri<‘ has 0*25 sq. in. of copper, and the 
rails are 001b. per yd. (0 .sq. in. section) and 10yd. long. The re.sistance of 
(‘ach rail joint is equal to that of 1 yd. of rail. The resistance of copper is 
0-75 microhm per in. cube, and (he resistance of tli(» rail is 11 times that of 
copper. WHiat is the total resistance per mile of linc»? (A./i\7i\) 

0*11 1 ohm.] 

0. An overhead trolle.y wire in a tramway system lias a resistance of 
0*10 ohm per ml., and the maximum ])crmissible voltage drop in a distributing 
section is 55 V. The cars on the s(‘ction hav^e a scheilule speed of 10 ml.p.h. 
and there is an interval of 2 min. betwcMUi the cars. The average (Jurrent 
per car is 25 A. Find the length of distributing section corresponding to the 
niaxiiuum voltage drop, assuming the averagt* A oltage drop to be 50 per 
cent of the maximuni. (f '.(/.) 
linile.l 

7. In a single-catenary system the cro.ss .sections of 1-he wires are; copper 
catenary, 0-2 sq. in. ; trolley wire, 0-1 sq. in. Tlie line is single track only, 
and the starting current of a locomotive is 2000 A. What is the voltage drop 
in the overhead line when the locomotive starts up between two substations 
8 ml. apart, the distance from the locomotive to the nearest .substation being 
2 ml.? Resistance* of copper is 0*75 microhm pcT in. cube. {T.E.E,) 

[Ann. 475 V.] 

8. Explain with connection diagrams one method of connecting overhead 
feeders and trolley wire for a single-phase railway to redu(;e interference in 
adjacent communication circuits. (0,0.) 

9. On a 1500-V. d.c. railway there are two substations, A and 10 ml. 
apart. The first 4 ml. of track from A is single and the remainder is double. 
The resistance of the single-track rails is 0*05 ohm per ml. With 200 A. 
collected by a locomotive running from A to B, the maximum voltage drop 
allowed dii the system is 100 V. The overhead line has a constant section 
over each track, and over the double track the overhead lines and track 
rails are bonded together at freqflent intervals. What is the minimum 
section of the copper in the overhead line between A and B ? Re.sistance of 
copper is 0-75 microhm per in. ciibe. (I.E,E,) 

[Ana. 0*2015 sq. in.] 
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VIII. — Substations (Chapter XXVII) 

1. A fault occurs on a conduit tramway system supplied through seclio 
feeders. How would you determine at the station whether it is on the mai: 
conductors or on the car? If on the car, show how it is possible to ascert^I 
quickly (a) whether the fault is a dead earth or a partial one ; (6) whether 
the positive or the negative side; or (c) between conductors without eartii. 
(L.U.) 

2. A tramway area operating at 000 V. is supplied from a substation 
connected to the generating station by two 11,000-V., 3-phase cables. Draw 
a diagram of the essential connections of the machinery in tlie substatiOr 
Give reasons for your choice of the type of plant, and submit a diagralk c 
the general rrrangement of machines and switchgear. (C.G.) 

3. A rotary converter witii six slip rings is fed from tlie sep^^L aries of 
thrciPphase transformer with star-connected primaries. Hach primary coi 
has ten times as many turns as ( he secondary. A load of 200 A. at 500 V. 
is taken from the direct-(mrrent side. Draw carefully a diagram of 'the 
connections, and also a V(ictor diagram showing the magnitude and phase 
relationship of the voltages of the line, of the transformer coils, and of the 
slip rings. Calculate tluj approximate voltages oh the mains and the currents 
in the jirimary coils. (Assuiik' the (‘fTiciency to be 100 i)er cent and the 
power factor unity.) (L.U.) 

[Ana. Voltage ai slip rings (cliaiuolrieal), .353; liiu^ voltage, 6100; eurn'iit in 
primary coils, 9*46 A.l 

4. Give a diagram of connections for a substation with transformers and 
rotary convertei*s for supplying power at 500 V., direct current, the primary 
supply being 10,000 V., three-phase. Calculate (a) tlu? ratio of turns in the 
transformers; (6) the currents in their windings, and in the connections to 
the slip rings, when working at full load (1000 kw.) wit h a power-factor of 
0-95. (LJJ,) 

[Ana. (a) Ratio of turns (l\ - A) ~ *12*6 (b) Curn3nt in j)riinnry windings ■ , 
37-8 A., curnMit in secondary windings = 1205 A., curn*nt in connrclions to slij 
rings — 2090 A. (Assumed effieieneics : rotary convertor, 95*!(, ; transformers, 98%.^ 

5. Describe one form of mercury-arc rectifier, giving a diagram of 
nections for a service from high-tension three-pliase mains to low-tension 
direct-current mains. 

Compare its load characteristic witli that of a rotary converter for similai 
duty. (L.U,) 
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Accelerating relay, 213 

weight, calculation of, 27 

Acceleration, energy for, 30 

- — influence of, on energy consump- 

' tion, 518 

- -, — , on schedule .speed, 21 
,' initial, values of, 12 

limitations to high values of, 12 

Accelerometer, principle of, 165 
Adhesion, coefficient of, 420 
Adheijive weight of motor-coaches, 383 

of locomotives, 420 

Air compressors, 341 

, cooling, volume of, 65 

— ■ ' gap (motors), 100, 138 

resistance, 493 

curves for motor-coach, 493 

Alternating-current contactors, 27.3 
-- - series motor, 83 

Anchoring, conductor rails, 566 

trolley wire, 572, 604 

Armature winding, 46, 56, 99, 100 
Aspinall, on train resistance, 496 
— conductor rail, 562 
Automatic control, systems of, 210 

fjog, 673 

liquid rheostat, 303 

point, 537 

- substations, 609, 681 

swdtchgear, 644 

Axle boxes, 358 

-mounting of motors, 60, 422 

Bar suspension for tramway motor, 60 

Bianchi drive, 433 

B.M.R. overhead fittings, 576 

trolley standards, 324 

Board of Trade Panel, 661 
Bonds, for conductor rails, 663 

^-'for tramw^ay rails, 663 

Booster, negative, 624 

use of, in testing, 160, 155 

with feeders, 619 

Booster-transformer, 6.36 
Bow' deflectors, 608 
Brake riggpg, 356, 367, 391 
Brakes, cc^pressed air, general arrange- 
ment, 416 

for railway trains, 411 

- — for tramcars, 369 9 

for trolley-buses, 379 

mametic, 371 

Pe^ock (geared), 370 


Brakes, vacuum, general arrangement, 
414 

Braking, regenerative, foi/ns of, 308 

effect on energy consumption, 520 

rhco.static, 179' 

Brill, cars, 3.64 

trucks, .366, 360, 361, 388 

British Insulated Cables, overhead fit- 
tings, 669 

Brown-Boveri collectors, 339 

control system, 252, 285, 299 

individual axle drive, 423 

locomotives, 452, 472, 486 

motor-generator, 347 

motors, 74. 114, 142, 144 

pressure governor, 344 

— - rectifiers, 660 
Brush Co., cars, 362, 385 

bus, 376 

B.T.-H. automatic switchgear, 669 

— — collector shoe, 366 
contactors, 205 

- control system, 211, 229, 240 
governor (for air compressor), 343 

— - magnetic track brake, 372 
motor converter, 647 

motor generator, 348 

traction motors, 61, 80 

tramear controllers, 184, 191 

trolley-bus, 376 

controllers, 200 

1200- volt switchboard, 630 

Bem-Lotschberg-Simplon Ry. motor 
coach, 410 

overhead construction, 697 

Bridge transition, 172 
Bull head rails, data of, 656 
Bus-line, 204 

Calculation of energy consiimiition, 615 

of feeders, 618 

— of induct-ance of trolley wire, 633 

of length of distributing section, 

617 

of lengths of droppers, 589 

of rheostat sections, 25«4> 

of speed-time curves, 606 et aeq. 

of tension in trolley-wire, 578 

catenary wire, 688 

pull-off wires, 584 

span -wires. 682 
Car construction, 361, 384 
Car wiring, 332 
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Cascade control, 121 
Catenary construction, effect of torripera- 
tui*e, 691 

— - examples of, 694 et seq, 

types of, 687 

Characteristic curves, d.c. motors, 60 

method of obtaining, 163 

single-phase motors, 113, 118 

three-phase motors, 143, 146 

Chicago, Milwaukee and JSt. Paul Ry., 

loco., 460 

Circuit- breakers, 208, 331, 667 
Collective drives, 431 
Collector shoeff, 334 
Collectors (current), bow, 337 

pantagraph, 338 

trolley, 324 

Commutating poles, advantages of, 45 

methods of exciting, 93 

Commutation in single-phase motors, 

88 , 

Compensating winding, 85 
Compounding of rotary converter, 645 
Compressors (air), 341 
Cornluctor rails, bonding 663 

for conduit tramways, 545 

for railways, 557 

Conduit tramways, centre slot, 543 

fault testing, 661 

Connections for Boarrl of Trade Panel, 
661 

“ bridge ” transition, 172 

core-loss test, 155, 160 

— — <lynamotor, 346 
efficiency tests, 162 

— feeder pillar (conduit tramways), 
627 

(negative), 626 

load tests on traction motors, 150 

multiple-unit system 211, 215 

power circuits on tramcar, 332 

— regenerative braking, 316, 322 
rheostatic braking, 180 

single-phase railway feeders, 634 

switchboard for testing motors, 

161 

tost panel, conduit tramways, 

661 

transformers, 3-phase/6-phsse, 646 

Connecting rod drive, 434 
Contactors, 188, 207, 248, 273 
Control, systems of, for d.c. railway 
motors, 202 et aeq. 

■ for d.c. tramw'ay motors, 167 etaeq. 

for regenerative braking, 308 et 

~~ for^jSS^le-phase motors, 266 et aeq. 

for three-phase motors, 291 et aeq. 

for trolley-buses, 196 

Controllers, master-, 209, 280, 307 
Crossings, tramway, 639 
CrosS-6vers, 649 

Cross-over, conductor rail arrangement, 
632 ^ vf 


Cross -ov(?r, for conduit tramways, 560 
Curves, overhead construction at, 672 

— -, trackwork at, 534 

- — , train resistance at, 502 

Dk Kando drive, 431 
Discriminating circuit breaker, 644 
Distributing systems for a.c. railways. 
632 * 

for d.c. railways, 627 i 

for tramways (positive), 620 

(negative), 622 

District Ky., ace London Undergroum] 
Kys. 

Double series- parallel control, y59, 240 
Doulton insulators, 666 
Droppers (catenary), 587 
Dyriamotor, 346 

Duty cycle, 64, 167 • 

Kri-'PurnvK weight, calculation of, 27 
Electric braking (rheostatic), 179 

(regenerative), 308 

Energy consumpticni, approx, calcula- 
1 ion of, 33 

— -, detailed calculation of, 515 

( t aeq. 

examples, 33 

— , analysis of, 517 

— , factors affecting, 31 

of field -control equipments, 52f 

— of single-phase equipTrients,52S 

of three -phase equipments, 53C 

- — output from driving axles, 29 
English Klectrie, loco., 448 

control systems, 198, 235 

_ _ motors, 51. 80 • 

motor coaches, 402 

— — trolley bus, 376 

Equalised truck, 388 
Equations, acceleration, 14, 17 

armature winding, 100 

air- resistance coefficient, -198 

cascade speed, 122 

- correetioii of speed, 164 

- — current density in feeder, 618 

with booster, 619 

d.c. motors, 36, 37 

distance, 14 

dynamic E.M.F., 86 ^ 

effective weight, 27 ’’• 

efficiency, 162 * 

energy for acceleration, 30 

train resistance, 30 

force for acceleration, 26 

grading of starting rheostats, 267 

impedance drop, 633 • 

inductance, 633 \ 

of trolley- wire and rail system, 

• 633 

length^f droppers, 690 

length of trolley-wire, 680 

maximum commutator voltage, 

646 
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Equations maxiiniiin speed of train, 14, 
16 

outputs of cascaded motors, 122 

, — - output of rotary converter, 647 
of single -phase motor, 95 

- — power-factor of series motor, 87 
pull on poles, 582 

sag of catenary wire, 580 

trolley -wire, 579 

- speed of car, 164 

d.c. motor, 36 

three-phase motor, 119 

speed (cascade), 122 

- — correction of, 154 

- (maximum), 14 
— static E.M.K., 86 

' ^Ahree-phase motors, 119 
- — tension in catenary wire, 589 
_ X/-.. pull-off wire, 684 

_ span wire, 682 

trolley wire, 679 

- — time (dyn a inicttl equation), 510 

- - torque (d.c. motor), 37 

three-phase motor, 1 1 9 

■ — tractive -effort, 164 

- — train resistance (A spin all), 496 

- (loco. -hauled trains), 498 

— (motor-coach trains), 600 

voltage ratio, rectifier, 655 

- rotary converter, 644 

Examples (worked), train movement, 

16 

- approximate energy consumption, 

33 

- - sx>eed-timc curve (level track), 505 

- — (track with gradients and 

curves), 611 

- - - energy consumption, d.c. equip- 

ments, 516 

field control equipments, 

627 

- - sag and tension in trolley wire, 

581 

speed -torque characteristic, 39 

tension in span wire, 683 

- ' -- overhead construction, 584 

tension in catenary wire, 590 

symeing of substations, 628 

feeder, 619 

jT boosted feeder, 620 

— inductance of trolley wire, 634 
effective w'oight, 27 

Fkedebs, design of, 618 

negative, 622 

Feeder i)illars, 624 

Feeding ^sterns for a.c. railways, 632 

fo»d.c. railways, 627 

for tramways, 616 

Field control, advantages of, 526 > 

controllers for, ?76 

Fish-plate joint, 633 

re^stance of, 664 

bonding of, 663 


Flexible gear, 429 
Formuljp, see Equations 
Frame mounted motors, 422 

Gaugf:, effe(;t of, on rating of motor, 66 
Gearing, y^roperties of, 64 
Gcarless loco., 460 

(xoar ratio, effect of, on energy consumy)- 
tion, 521 

General Electric locomotives, 446 

control system, 229 

motors, 71, 76 

- — quill ilrivo, 428 

(ierrnan State Rys., locos;, 467, 480 
- — — motor coaches, 408 
Glasgow’ tramways substation, 676 
(Jovcriior (for air-coinprcssor), 343 
(Jrai)hic time table, 629 
Gravitational effect, 27 
Great Indian reninsula lly., locos., 454 
et fteq. 

Northern Ry., loco., 489 

Western Ky., conductor rails, 560 

HAUFiEiiD’s points and crossings, 537 
H aaq. 

High-U‘nsion chamber, 403, 407 

Individual axle-drives, 422 
Inductance of trolley-wdre, 633 
• - of track rails, 634 
Insulators for conduit tramways, 545 

- - for conductor rails, 557 

- — section, avc, Section Insulators 

strain (for tramways), 572 

Interlaced track, 641 

Italian State Rys. — 

locomotives, 483 

tnmlivo resistance of locomotives, 

603 

overhead construction, 608 

motors, 142 

control system, 299 

automatic liquid rheostat, 303 

regenerative braking, 312 

Jack-shaft, 436 

Lac’kd catenary construction, 604 
Lightning arresters (tramcar), 333 
Line lolay, use of, 213 
Locomotives, arrangement of control 
apj^aratus, 439 

collective drive, 431 

coupling drive, 426 

data of ijacing) 444 

mechanical design, 4ir ^ 

o{)erating requirements, 420 

power plant, 421 

speed-torque characteristics, 421 

— transmission, 422 

' — examples of d.c., 444 et aeq. 

composite (a.c./d.c.), 489 

- - - — single-phase, ^66 et aeq. 
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Locomotives, examples split-phase, 486 
el aeq, 

three-phase, 483 et aeq. 

individual axle drives, 422 

influence of wheel arrcmgement on 

running qualities, 420 

linkwork drive, 423 

limitations of geared, 437 

gearless, 439 

quill drives, 426 

side-rod, 439 

scotch-yoke drive, 432 

side-rod drive, 431 

— " - spring d^ve, 426 
London and North Eastern Railw'ay, 
conductor rails, 567 

London County Council Tramways, data 
of cars, 361 

feeder panel, 661 

pillar, 627 

method of (fault) testing, 661 

ploughs, 328 

track construction, 543 ct acq. 

trucks, 365 

London Electric (Tube) Rys., see London 
Underground Kys. 

London, Midland & Scottish Railway, 
coaches, 382 

conductor rails, 667, 667 

rail insulators, 565 

cross-section of track, 660 

motor coaches, 402 

overhead construction, 602 

substations, 665 

trains, 383 

train resistance tests, 499 

London UndergrOiind Railways, con- 
ductor rails, 667 

mounting, 659 

control system, 209 

cross-scctions of track, 561 

data of trains and coaches, 383, 412 

motor coach, 394 

sub -stations, 677 

trackwork at cross-over, 664 

train resistance tests, 502 

trucks, 388 

Magnetic blow-out, 176 
Magnetic track brakes, force of attrac- 
tion, 374 

mechanical operating gear, 373 

skid-proof device, 372 

Master-controllers, see Controllers 
Mersey Railway, operating features of, 
381 

Metropolifw Railway, London (see also ^ 
London Underground Rys.) 

conductor rails, 667 

cross-section of track, 560 

locomotives, 444 

Metropolitan- Vickers Co., locos., 447 et 

^aeq. 

automatic switchgear, 669 

i - 


Metropolitan-Vickers control systems, 
213, 217, 249, 320 

motors, 62, 73 

pantagraph, 338 

supervisory control, 681 

Motor-converter, principle of, 647 
— . — connections, 649 

efficiency, 648 

Motors, d.c., 36 r 

bush gear, 57 r 

single -phase, 82 

characteristic curves, 66, 113, 118, 

143, 145 

- — (locomotive), 66 

longitudinal section, d.c., 63 

— single-phase, 109, 114 

rating, 61 

suspension, 60 

- ~ ventilation of, 60 
Motor-coaches, construction of, 384 
data of, 412 

examples of, 394 ct aeq. 

high-tension chamber, 407 

twin busline (control), 404 

Motor-coaches, trucks for, 386 
Motor-coach trains, adhesive weight, 383 
— advantages of, 381 
Motor-generators, 647 
efficiency of, 647 

- ‘ - self -regulating, 347 
Multi[>le-unit control systems, 202 

Negative boosters, 624 

feeder pillar, 626 

feeders, 622 

New York Central R.R., cross-section of 
track, 561 >o 

gearless motor, 76 

locomotives, 464 

tractive resistance tests, 600, 603 

New York, New Haven, & Hartford R.R., 
control system, 290 

feeding system, 638 

locomotives, 467 

overhead construction, 598, 604 

sectional izing gantry, 637 

spring drive for geared motors, 426 

Norfolk & Western Ry'., locomotives, 486 
motors, 139 

overhead construction, 601, 605 

Oeblikon contactors, 248, 270 

control system, 264 

coupling drive, 428 

d.c. motors, 69 

locomotives, 460 et aeq. 

motor coaches, 410 

pantagraph collector, 340^.;^ 

quill drive, 426 

— single-phase motors, 110 

tramway point, 641 

transformer, 282 

Overhead construction, 668, 6^ 
at bridges, 612 
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Overhead construction, in tunnels, 613 

- ' - calculation of tension in trolley • 

wire, 679 

catenary wire, 688 
pull-of¥ wires, 683 

span wire, 682 

catenary system, 687 

examples of (tramways), 673 

— % (.single-phase railways), 694 
^ (ttirce-phase railways), 608 

fittings for tramways, 670 
for railways, 699 

Paulista Ry., 1 x*o., 445 

Paris-Orlcans Ry., I 020 , 462 

Peckhanlf trucks, 360 

P.L.M. Ry., loco., 464 

Pl> 0 .s^onverter, 300 

Ploi^h collector, 328 

I’oints, tramway, 536 

Pole changing, method of control, 293 

switch, connections of, 305 

windings, 124 

Powf-r output from axles, 29 
Pressure on trolley-wire, 327, 340 
I’reventivo coil, use of, 266 

Qiiadktlateral speed-time curve, 15 
Quick-acting brakes, 414, 416 
circuit breaker, 667 

Rail, welding, 633 
Kail -less traction, 2 

- controllers, 196 

- overhead construction for, 673 
rolling stock, 374 

Hails, conductor, composition of, 667 

mounting of, 669 

- - track, cornposL^ ion of, 655 

- tramway, composition of, 631 

dimensions of, 632 

— points and crossings, 635 

resistivity of, 552 

Railways, systems of electriheation, 6 

data of, 8ee Table bet. pp. 9, 10 

operating voltages, 5, 7 

- - - problems connected with electrifi- 

cation of, 3 

— technical considerations in electri- 
hcation of, 3 

RaijSbmos, Sims and Jefferies, controller, 
199 

Rating, 61 

Re -closing circuit-breaker, 644 
Rocf.ifiers, construction, 649 

accessories, 666 

autopiatic, 672 

coofcg, 662 

connections, 662 

efficiency, 667 § 

ignition, 663 • 

seals, 660 

substations, 682 

voltage ratio, 664 


Rectifiers, vacuum pump, 666 

gauge, 657 

Regenerative braking, mechanical, 308 

electrical, conditions for, 312 

control systems for, 313 

Renewable rail-checks, 636 
Resistance of bonds (contact), 664 

of iron and steel, 666 

of tramway rails, 662 

-- - of trolley -wire, 668 
Retardation, braking, 13 
• ' - , coasting, 17, 610 
Reversers, 206, 217, 279, 306 
Rheostats, grid, 329 ^ 

calculations for, 265 

liquid, 303 

Rotary converters, 642 

armature heating, 645 

efficiency of, 64<) 

' limitations, 646 

starting of, 646 

voltage ratio, 644 

regulation, 644 

Rotational inertia, 26 

Sandberg rail steel, 533 
Schedule speed, effect of duration of 
stop on, 19 

foinparative values of, for 

steam and electric services, 
4, 23 

factors affecting, 19 

S<5otch yoke, 431 

Section insulators for conduit tramw^ays, 
647 

forconductor rails, 630 

overhead railways, 604, 613 

tramways, 676 

Section pillars, 624 
Series-parallel control, 169 
Slnmting loco., 473 
Sieinens-Schuckert, contactors, 273 

control system, 268 

locomotives, 467, 480 

" motor-coaches, 408 

motors, 106 

overhead construction, 687 

transformer, 283 

Simplon Tunnel, motors, 144 

- — train resistance tests, 601 
Single-phase motors, control of, 266 

- theory of, 82 

energy consumption, 628 

system, 6, 7 

Society. Italiana Wostinghouse, motors, 
140 

liquid rheo8tfi||^l^03 

locomotives, 484 

Southern Railway, conductor rails, 667 

control system, 213 

cross-section of track, 660 

motor-coaches, 397, 412 

sub-stations, 663 

trains, 383 
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South African Ryn., loco., 447 
Span wire, 669 

Spanish Northern Ry., loco., 460 
Specific energy consumption, 30 

output, 30 

Speed (peripheral), armatures, 437 

gearing, 437 

Speed- time curves, 10 

detailed calculation of, 505 et 

ieq. 

equivalent, 18 

examples of, ll et seq. 

simpliOed, 13 

calculation of maximum ve- 
locity, 14 r 
Split-phase system, 6 
Standardization rules, 695 
Starting rheostats, calculation of, 255 

losses in, 169, 618 

Strain insulators, 672 
Sub-stations, 616 

spacing, 628 

Supervisory control, 681 
Swedish State Rys., loco., 474 

overhead construction, 

594 

motors, 107 

sub-stations, 642 

Swing bolster truck, 364 
Swiss Loco. Works* drive, 308 
Swiss Federal Railway, locos., 472, 473, 
478 

motor coaches, 408 

motors, 113, 117 

overhead construction, 597 

sub-stations, 639 

Switchgear, 659 et seq. 

TANDEM-mounted motors, 430 
Tapped-field control, 45, 176, 526 
Temperature rise, 62, 113 
Three-phase motors, 119 

control systems, 291 

energy consumption, 629 

locos., 483 

overhead construction, 608 

Testing stand, 148 

switchboard, connections, 151 

Tests, commercial, 147, 169 

core-loss, 166, 160 

efficiency, 161, 169 

efficiency, tabulation for, 153 

official (service), 162 

Thermit rail -welding process, 533 
Torque-slip curves, 292 
Track brakes (magnetic), 371 
Track, cross-sections of single, 660 

cop“*-aiction for tramways, 631 

Trackwork, special, 634 
Tractive force for acceleration, 26 

for propulsion, 29 

Train cont>ej|^ 


Train resistance at curved track, 502 
components of, 402 

— - - coasting, 607 

- general equation, 28, 498 

- in tunnels, 601 

methods of determining, 494 

of locomotives, 603 

- - of locomotive-hauled trains, 

497, 600 

of motor-coach tra'.is, 499 

of tramcars, 602 e 

section, 588 

Tranicar controllers, eee Controllers 
Tramcars, considerations affecting choice 
of, 360 

centre entrance, 364 

data of, 361 

*rramways, sj'^stems of electrification, 1 

comparative costs of systems, 2 

Transformers, 280 

Transition methods for double series- 
I>arallel control, 240 

series-parallel control, 171 

single-phase control systems, 267 

Trajxizoidal speed- time curve, 13 
Trolley buses, 374 

controllers, 196 

chassis, 377 

motors, 79 

collector, 324 

standard, 362 

wire, position of, 672, 592 

properties of, 668 

sectionalizing of, 620, 634 

Trucks (motor-coach), 386 

(drawing of), 390 

(locomotive), 444, 473, 490 

(tramcar), radial axle, 361 

maximum traction bogie, 364 

rigid axle, 366 

swing axle, 360 

Trucks, data of, 361, 412 
Tube railw^ays, rolling stock, 386 

internal diameter of tunnels, 

386 

train resistance in, 602 

Tunnels, train resistance in, 601 

overhead construction in, 616 

Twin motors, 472 


Underfbame construotiqiDU' ^^ ^ 

Vacuum brake, 414 

pump, 666 

Vector diagram, for f< 

for preventr 

for rotary 

for single-pbNid;! 

Ventilation (of motors), W 
{,7entilati ng pl ant, 345 

rotary converters. 







